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Abstract
Today, the neutrino oscillation is very well established by experiment. It is described by a theoretical framework
similar to that of quark mixing. Here is included a CP violating phase, δC P , which is the only known possible
source of CP violation in the lepton sector. So far, δC P is completely unconstrained by experiment, and the de-
termination of the value of δC P could further the search for an explanation of the matter-antimatter asymmetry
observed in the Universe today.
Therefore, many next generation experiments are in development to measure δC P . One of the experiments
under evaluation is the ESSνSB; a proposed high intensity neutrino beam produced at the European Spallation
Source (the ESS).
The ESS facility, now under construction in Lund, Sweden, would need to be upgraded in order to produce
the high intensity neutrino beam. Neutrino oscillations in the νµ → νe channel could then be studied by the
use of a megaton water Cherenkov detector separated from the beam source by some hundred kilometres. The
phase δC P would thereby be determined by measuring the asymmetry between the oscillation probabilities of
neutrinos and antineutrinos.
The precision of this experiment would be improved by characterising the beam close to the production point.
This would be achieved by the use of a kiloton water Cherenkov detector, denoted as the Near Detector (ND),
which is studied in this thesis. Firstly, concrete design recommendations for the near detector of the ESSνSB
should be found through simulations. Secondly, a set of algorithms should be developed that reconstructs the
properties of a neutrino event vertex from the simulated detector response. It is essential that a muon neutrino
event can be separated from an electron neutrino event, as the purpose of the ESSνSB is to detect the transition
from one flavour to the other.
The near detector is foreseen to be cylindrical in shape, with radius RN D and length LN D , and located at a distance
zN D from the neutrino beam production point. It will be filled with water and have photon detectors placed on
the inner surface. In this project, several limits have been put on the design parameters of the ESSνSB ND.
• The radius of the near detector: 2RN D > 2 m, RN D ≤ zN D50 .
• The length of the near detector: LN D > 3 m.
• The distance between the neutrino beam production and the near detector: zN D ≥ 200 m.
• The detector must have a spatial resolution smaller than 10 cm.
• The detector must have a time resolution shorter than 100 ps.
Additionally, a set of reconstruction algorithms was developed for a simplified detector environment, and the
flavour identification algorithm was found to have a misidentification rate of 0.3%.
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1 Introduction
The Standard Model of particle physics is the base of all modern elementary particle physics research, describing
our world on the most fundamental level. Only recently, the last piece of the Standard Model puzzle was put in
place. In July 2012, the discovery of the Higgs boson was announced by the ATLAS and CMS collaborations at
the LHC.
Therefore, all current elementary particle physics research is on topics beyond the SM. The most well established
research area beyond the SM is the study of neutrino oscillations, where the three neutrino flavours oscillate
among each other as they propagate. The oscillation arises as the neutrinos are required to be massive, and that
the neutrino mass eigenstates are not equal to the weak eigenstates. Several additional mixing parameters are also
included in the theoretical framework that governs the neutrino oscillation. Of these mixing parameters all but
one have been experimentally determined; the phase δC P is as of yet unmeasured. The phase δC P describes the
amount of CP violation within the lepton sector, and could explain the matter-antimatter asymmetry observed
in the Universe.
Therefore, several next generation experiments are in various stages of development for measuring δC P . One
experiment under evaluation is the ESSνSB, which would be situated at the ESS facility (the European Spallation
Source) now under construction in Lund, Sweden. The ESSνSB facility would share a proton linac with the ESS
facility, and use this for the production of a high intensity neutrino beam. This beam would be detected by a far
detector (FD) ∼ 500 km from production. Directly after production, ∼ 50 m – 500 m away, there will also be a
near detector (ND), in order to know the energy and flavour spectra of the beam at production.
The aim of this thesis is twofold. Firstly, the near detector of the ESSνSB should be simulated, and the results of
these simulations should be used to obtain concrete recommendations on the design of the detector. Secondly, a
set of algorithms should be developed that aims to reconstruct the properties of a neutrino event vertex from the
simulated detector response. It is essential that the detector response of a muon neutrino event can be separated
from the response of an electron neutrino event, as the purpose of the ESSνSB is to detect the transition from
one flavour to the other.
The parameters of the ND design that will be treated in the thesis are the following.
• The radius of the near detector, RN D .
• The length of the near detector, LN D .
• The position of the near detector, zN D .
• The spatial resolution of the near detector.
• The temporal resolution of the near detector.
The two goals of this thesis will be achieved through two separate analyses, both of which are further subdivided
into several sections.
Event Construction The neutrino beam properties are studied at the possible ND sites, zN D , and the neutrino
energy distributions are used to produce neutrino interaction vertices. The produced vertices are then
placed inside a detector model with one of the possible ND designs in order to understand the event
geometry.
Event Reconstruction A sample of produced charged leptons are placed at the centre of the ND with their
momentum parallel to the beam axis. They are propagated through the detector using GEANT4 in or-
der to obtain a detailed detector response. Based on these samples, a set of reconstruction algorithms is
developed in order to identify the flavour of the charged lepton.
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2 Theoretical Background
2.1 The Standard Model
The Standard Model of particle physics is the model that describes the known properties and interactions of the
fundamental particles [1]. The SM includes two basic classes of particles: fermions and bosons. Fermions have
half-integer spin, and are thereby subject to the Pauli exclusion principle, while bosons have integer spin. The
fermions are often referred to as the matter particles, as they include the up-quarks, down-quarks and electrons
that heavily dominate the visible matter in the Universe. The bosons are often referred to as the force particles,
as they are the carriers of the fundamental forces, or interactions, of nature. A summary of the particles of the
SM is given in Tab. 1.
For further reading on the particles and interaction of the SM, the reader is referred to Ref. [1, 2].
2.1.1 The Fermions
The SM fermions include two main types of particles: quarks and leptons [1].
Both the quarks and the leptons are divided into three generations, or families. Each of the generations contains a
set of particles that are identical to the other generations in all respects except mass, and several mixing parameters
(see Sec. 2.2). The lightest of the particles reside in the first generation, and the heaviest ones are found in
the third generation. Each fermion also has a companion particle called an antiparticle, with identical mass.
The antiparticle has all quantum numbers opposite to the particle: electric charge, colour charge, chirality and
lepton/quark number.
The main difference between quarks and leptons is the colour charge. Leptons do not carry colour charge,
while quarks always carry one of three different colour states (red, green and blue). Antiquarks also carry colour
charge, but take on the anticolours of those for quarks (antired, antigreen and antiblue).
All fermions are divided into weak multiplets, depending on their chirality. The left handed fermions and right
handed antifermions are put into weak doublets, while the right handed fermions and left handed antifermions
are put into weak singlets. In the weak doublet, each up-type quark is paired with the down-type quark of the
same generation, and each charged lepton is paired with the neutrino of the same generation.
W eak d ou b l e t :

uL
dL

W eak s i n g l e t s : (uR) , (dR)
W eak d ou b l e t :

µ+R
ν¯µR

W eak s i n g l e t s :
 
µ+L

,

ν¯µL

The significance of the weak multiplets is further treated below.
2.1.2 The Bosons
The bosons of the SM are of two varieties: gauge bosons and scalar bosons [1]. The gauge bosons are the quanta
of the gauge fields, i.e. the propagators of the fundamental interactions, and have a spin of 1. There is one scalar
boson in the SM, the Higgs boson, which has a spin of 0.
The gauge bosons of the electroweak interaction (the electromagnetic and the weak interactions combined) are
the photon, the W bosons and the Z boson. The photon is the gauge boson of the electromagnetic interaction
and interacts with all particles carrying electric charge. These particles include the quarks, the charged leptons
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Particle Type Flavour Particle Antiparticle m f (GeV) [3] Q f (|Qe |) Colour Charge Spin
Up-type quark Up-quark u u¯ 2.3× 10−3 2/3 Yes (3 states) 1/2
Charm-quark c c¯ 1.28
Top-quark t t¯ 173
Down-type quark Down-quark d d¯ 4.8× 10−3 −1/3
Strange-quark s s¯ 9.5× 10−2
Bottom-quark b b¯ 4.18
Charged lepton Electron e e¯ 5.11× 10−4 −1 No 1/2
Muon µ µ¯ 0.106
Tauon τ τ¯ 1.78
Neutrino Electron-neutrino νe ν¯e < 10
−9 0
Muon-neutrino νµ ν¯µ < 10
−9
Tauon-neutrino ντ ν¯τ < 10
−9
Gauge boson Photon γ itself 0 0 No 1
Z-boson Z itself 91.2 0
W-boson W + W − 80.4 1
Gluon g itself 0 0 Yes (8 states)
Scalar boson Higgs-boson H itself 126 0 No 0
Table 1: The fermions and bosons of the SM. Note that the masses given for the neutrino weak eigenstates (νe , νµ and ντ ) are the masses of the neutrino mass
eigenstates (ν1, ν2 and ν3). The neutrino weak eigenstates are linear combinations of the neutrino mass eigenstates (see Sec. 2.3.1).
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and the W bosons. The W bosons (W + and W −) and the Z boson (Z0) are the propagators of the weak field.
The Z boson interacts with all particles that either the photon, the W bosons, or both, interact with. The
W bosons only interact with fermions placed in weak doublets, i.e. with left handed fermions and right handed
antifermions. A fermion interaction vertex with a W boson flips the identity of the fermion within the weak
doublet.
uL → dL +W + (1)
uL + d¯R → W + (2)
d¯R → u¯R +W + (3)
Eq. 1, 2 and 3 display the interaction vertices where a W boson interacts with first generation quarks, and thereby
changing the quark flavour in the interaction. The three formulae represent the same interaction vertex rotated
around the vertex coordinates, (t , x, y, z).
It is worth noting that for massive fermions, the zero coupling between W bosons and right handed fermions and
left handed antifermions is not strict. This is because there always will be an inertial system where a right handed
fermion is left handed, and a left handed antifermion is right handed. The right handed fermion interaction with
a W boson is suppressed by a factor
 
1− vc
≈  m2f2E2 .
The gauge bosons of the strong interaction, governed by Quantum Chromo-Dynamics, or QCD, are the gluons.
They carry colour charge, with 8 different possible colour states. These 8 states are a combination of one colour
and one anticolour, or a linear combination of several colour-anticolour sets. The gluon is also electrically
neutral, and only interacts with particles that carry colour charge, i.e. only quarks and other gluons. The self-
interaction of the gluon yields an additional term in its potential, which results in so-called confinement and
asymptotic freedom for the strong interaction. The confinement has the result that colour charge can never
be observed directly, i.e. that particles carrying colour charge must always be bound in overall colour neutral
(colourless) entities. These entities are called hadrons. The confinement also causes the energy required to split a
hadron to be high enough to create a quark-antiquark pair, thereby forming two new hadrons.
The possible combinations of quarks and gluons that form hadrons are:
• A baryon: the three-quark state; red–green–blue.
• An antibaryon: the three-antiquark state; antired–antigreen–antiblue.
• A meson: the quark-antiquark state; red–antired, green–antigreen or blue–antiblue.
• A glueball: a colourless combination consisting exclusively of gluons (not yet experimentally confirmed).
• Exotics: any combination of the above possibilities (none yet definitively experimentally confirmed).
The only scalar boson in the SM, the Higgs boson, interacts with all massive particles. The strength of its
interaction depends on the mass of the particle it interacts with; the more massive the particle is, the stronger it
interacts with the Higgs boson. This means that it mainly interacts with the top quark and the Z and W bosons.
2.1.3 The Neutrino
The particle in focus in this thesis, the neutrino, is a lepton. There are three neutrino flavours (the electron
neutrino, the muon neutrino and the tauon neutrino), and they are electrically uncharged, do not carry colour
charge, and are very light [2]. The neutrinos also oscillate between the three flavours as they propagate [5, 6],
and the oscillation requires them to be massive (see Sec. 2.3.2) [4].
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However, the neutrino flavour eigenstates (νe , νµ, ντ) do not directly correspond to the neutrino mass eigenstates
(ν1, ν2, ν3), but linear combinations of them. Each neutrino mass eigenstate is found to have a small, but non-zero,
mass m1,2,3 < 1 eV (see Sec. 2.3.1).
Since the neutrino is electrically and colour neutral, and very light, it interacts to a very small extent. The
left handed neutrinos, and the right handed antineutrinos, interact through the weak force, i.e. with the Z and
W bosons. The suppression of right handed neutrinos and left handed antineutrinos interacting via the weak
force is very large, as neutrinos are always observed in the ultrarelativistic limit.
All neutrinos also have a non-zero interaction probability with the Higgs boson. This probability is, however,
very small, as the Higgs boson coupling depends heavily on the particle mass. Therefore, within the SM frame-
work, right handed neutrinos and left handed antineutrinos will never be experimentally observed.
There is a possibility that the right handed neutrino and the left handed antineutrino do not exist. In this case,
where the left handed neutrino and the right handed antineutrino are each others antiparticles, the neutrino
would be a so-called Majorana particle. If, on the other hand, the right handed neutrino and the left handed
antineutrino do exist, the neutrino would be a Dirac particle. If the neutrino is a Majorana particle or a Dirac
particle is unknown at this point, and is one of the great questions of the neutrino sector. It will not, however,
be treated further in this project.
2.2 Breaking the CP Symmetry
The CP symmetry is a combination of two symmetries, namely invariance under a charge conjugation transfor-
mation and invariance under a parity transformation [2]. Both the charge conjugation transformation and the
parity transformation have operators associated to them, Cˆ and Pˆ , respectively. A charge conjugation transfor-
mation, or the application of Cˆ to a system, changes all particles in the system to their antiparticles. A parity
transformation, or the application of Pˆ to a system, changes all spatial coordinates to their opposites. Invariance
under the C or P symmetries mean that the system behaves identically before and after the application of the Cˆ
and Pˆ operators, respectively.
No C or P violation has been measured for neither the strong nor the electromagnetic interaction, and thereby
no CP violation either. A CP violation is, however, allowed for the strong interaction by QCD [7]. The curious
reader is advised to research ‘the Strong CP Problem’, which along with the matter-antimatter asymmetry of the
Universe is one of the great unsolved mysteries in modern physics.
Is the weak interaction CP invariant as well? As stated in Sec. 2.1.2, the W bosons interact only with left handed
particles and right handed antiparticles, and entirely ignore right handed particles and left handed antiparticles.
And Cˆ exchanges each fermion against its antifermion while preserving their chirality, while Pˆ reverses the
chirality of the particle but preserves its particle vs. antiparticle identity. This yields that the weak interaction
is neither C- nor P- invariant.
Applying the charge conjugation and parity transformation consecutively, however, through the combined op-
erator Cˆ Pˆ , would invert both the chirality and the particle vs. antiparticle identities of a system. This would
turn a left handed fermion into a right handed antifermion, yielding that the weak interaction is invariant under
a CP transformation.
2.2.1 In the Baryon Sector
Studies of neutral mesons (initially neutral kaons) have shown that they sometimes decay through CP violating
decay channels. These decays occur in nature as the weak, or flavour, eigenstates (d f ≡ (d ′, s ′, b ′)T ) of the down-
type quarks do not equal the mass eigenstates (dm ≡ (d , s , b )T ). The weak eigenstates are linear combinations
of the mass eigenstates (see Eq. 4).
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d f = VC KM × dm (4)
VC KM =
 c q12c q13 s q12c q13 s q13e−iδqC P−s q12c q23− c q12 s q13 s q23e iδqC P c q12c q23− s q12 s q13 s q23e iδqC P c q13 s q23
s q12 s
q
23− c q12 s q13c q23e iδ
q
C P −c q12 s q23− s q12 s q13c q23e iδ
q
C P c q13c
q
23

c qi j = cos(θ
q
i j )
s qi j = sin(θ
q
i j )
Here, VC KM is the Cabibbo-Kobayashi-Maskawa mixing matrix of the baryon sector, which introduces the quark
state mixing through three mixing angles (θq12, θ
q
13, θ
q
23) and one phase (δ
q
C P ). Here, q is added as a superscript
to separate the quark mixing angles and phase from the corresponding parameters of the lepton sector.
The mixing parameter that introduces CP violation in the baryon sector is the phase, δqC P . The CP violation
can be quantified through the Jarlskog invariant of the baryon sector, JC KM [8].
JC KM = cos(θ
q
13) sin(2θ
q
12) sin(2θ
q
13) sin(2θ
q
23) sin(δ
q
C P ) (5)
If δqC P = 0, i.e. if JC KM = 0, there would be no CP violation within the baryon sector. The Jarlskog invariant
was, however, found to be non-zero, JC KM = 2.96× 10−5.
It is worth noting that only convention determines that the discrepancy between the mass and weak eigenstates
is present for the down-type quarks and not the up-type. This is an arbitrary choice, and could just as well have
been made to place the discrepancy with the up-type quarks or with both the up- and down-type quarks together.
2.2.2 In the Lepton Sector
Through the oscillation of neutrinos between flavours, the lepton sector was also found to break CP [8]. This
will be further elaborated upon in Sec. 2.3.
For now, it is sufficient to say that the lepton sector also has a Jarlskog invariant, JP M N S , that measures the CP
violation of the lepton sector. Only the value of one of the mixing parameters of the lepton sector has not been
experimentally determined at the present time: the CP violating phase (δC P ). This yields a maximum possible
value to the lepton Jarlskog invariant, JP M N S ≤ 0.035.
2.2.3 A Consequence of CP Violation
One of the great mysteries in modern day physics is the origin of the asymmetry between matter and antimatter
that exists in the Universe today [2, 8]. This asymmetry could have been present at the birth of the Universe,
but a more aesthetically pleasing solution would be that the very young Universe had an equal amount of matter
and antimatter, and that this asymmetry arose through some other process.
Sakharov set up three conditions that must be fulfilled in order to produce the matter-antimatter asymmetry
observed today.
1. The process must incorporate an interaction that violates the symmetries C and CP separately.
2. The same interaction must violate baryon number conservation.
3. A non-equilibrium must at some point have existed to seed the process of producing matter.
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The second and third condition are beyond the SM and will not be discussed further. The first condition,
however, is proved to be fulfilled by the weak interaction, through CP violating processes both within the baryon
and the lepton sector.
The amount of CP violation found in baryonic processes is not large enough to account for the asymmetry
observed today, i.e. the value of JC KM was found to be too small. If, however, the CP violation of the lepton
sector is large, JP M N S could potentially be much larger than JC KM , perhaps even large enough to explain the
matter-antimatter asymmetry. This is considered to be a significant motivation to conduct experiments searching
for the lepton CP violating phase δC P , such as the ESSνSB (see Sec. 3.4).
2.3 Properties of the Neutrino Oscillation
2.3.1 The UP M N S Mixing Matrix
The neutrino oscillation, although a well established area, is not included in the SM [3, 4]. It is the phenomenon
where the three neutrino flavours change between each other as they propagate, and was first measured by the
Super-Kamiokande experiment [6]. The effect occurs because the neutrino weak eigenstates, i.e. the flavour
eigenstates (ν f ≡ (νe , νµ, ντ)T ), are not identical to the neutrino mass eigenstates (νm ≡ (ν1, ν2, ν3)T ), but to a linear
combination of them (see Eq. 6).
ν f = UP M N S × νm (6)
The Pontecorvo-Maki-Nakagawa-Sakata neutrino mixing matrix, UP M N S , is given by Eq. 7.
UP M N S = U23(θ23)IδU13(θ13)U12(θ12) (7)
U23 =
 1 0 00 c23 s23
0 −s23 c23

U13 =
 c13 0 s130 1 0
−s13 0 c13

U12 =
 c12 s12 0−s12 c12 0
0 0 1

Iδ =
 1 0 00 1 0
0 0 eδC P

ci j = cos(θi j )
si j = sin(θi j )
Here, θi j is the mixing angle between νi and ν j . The phase δC P is the parameter introducing CP violation into
the neutrino sector. If sinδC P 6= 0 there is CP violation in the neutrino sector, i.e. neutrinos and antineutrinos
do not behave equally.
At this point, it is not known whether or not this variant of the UP M N S matrix gives a complete description of
neutrino oscillations, as it is not known if the neutrino is a Dirac or Majorana particle. If it is a Majorana particle,
two additional factors must be included in the expression for UP M N S , yielding two additional CP violating phases.
These phases, however, have no physical significance for the experiment treated in this thesis. Therefore, the
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Dirac vs. Majorana nature of neutrinos, along with the additional Majorana phases, will not be considered further
here.
2.3.2 Oscillation Probabilities
Using the mixing matrix from Eq. 7, the probability for any given flavour, l , to oscillate into any other flavour,
l ′, can be calculated. This probability, P (νl → νl ′), is in vacuum:
P±(νl → νl ′) =
∑
i
|Ul ′ i |2|Ul i |2
+ 2
∑
i> j
|Ul ′ i U ∗l i Ul j U ∗l ′ j |cos
 
∆m2i j
2 p
L∓φl ′ l ;i j
!
(8)
φl ′ l ;i j = arg

Ul ′ i U
∗
l i Ul j U
∗
l ′ j

Here l and l ′ represent the different lepton flavours, l , l ′ = e ,µ,τ, yielding the neutrino weak eigenstates.
Additionally, p is the momentum of the neutrinos, L is the baseline length, mi is the mass of the mass eigenstate i ,
and∆m2i j = m
2
i −m2j . The± notation on P± denotes neutrino (+) and antineutrino (−) oscillation probabilities
respectively, yielding the opposite sign for the term φl ′ l ;i j .
For νµ→ νe this probability becomes [9]:
P±

νµ→ νe

= s223 sin
2(2θ13) sin
2(∆31)
+ c223 sin
2(2θ12) sin
2(∆21)
+ J ′ cos(∓δC P −∆31) (9)
J ′ = c13 sin(2θ12) sin(2θ13) sin(2θ23)
× sin(∆31) sin(∆21)
∆i j ≡
∆m2i j L
4E
The parameters needed to determine the oscillation probability of νe → νµ at baseline length L are the energy
E of the neutrinos, the mass-squared differences ∆m2i j , the mixing angles θi j and the CP violating phase δC P .
The values of L and E can be decided by the experimenter, and all but one of the mixing parameters, δC P , have
been experimentally determined.
The different neutrino mass states are required not only to be massive, but also to have different masses. If
the masses would be zero, or non-zero but identical, there would be no oscillation as ∆i j = 0 and thereby
P±(νµ→ νe ) = 0 (see Eq. 9).
In Eq. 9, the third term carries a negative sign for neutrino oscillations and a positive sign for antineutrino oscil-
lations. Additionally, the parameter J ′ is here a substitute for the (leptonic) Jarlskog invariant, JP M N S , excluding
the δC P dependence.
JP M N S = cos(θ13) sin(2θ12) sin(2θ13) sin(2θ23) sin(δC P ) (10)
To experimentally observe CP violation in the neutrino sector, the probability for neutrino oscillation must be
compared to that for antineutrino oscillation. The asymmetry parameter A(l
′ l )
C P could be used as a measure of
the CP violation.
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A(l
′ l )
C P =
P (νl → νl ′)− P (ν¯l → ν¯l ′)
P (νl → νl ′)+ P (ν¯l → ν¯l ′) (11)
If there is CP violation in the neutrino sector, i.e. if sin (δC P ) 6= 0, then A(l
′ l )
C P 6= 0.
As mentioned, the mixing angles and mass-squared differences have already been determined (see Tab. 2 and
Ref. [3]). An important parameter here is the mass hierarchy (MH) of the neutrino sector. The mass hierarchy
defines how the neutrino mass eigenstates are ordered in magnitude. The magnitude of all three mass-squared
differences are experimentally known, with∆m21 being much smaller than the other two. The other two,∆m31
and∆m32, are close enough in size that it as of yet has not been experimentally determined which one is larger.
This means that m1 and m2 are very close, while m3 is either much larger or much smaller. Since the sign of
∆m21 is also known (yielding that m2 > m1), there are two different possibilities for the mass ordering: the
so-called normal mass hierarchy (m1 < m2 m3) and the inverted mass hierarchy (m3 m1 < m2).
Parameter Value Note
sin2(2θ12) 0.846± 0.021
sin2(2θ13) (9.3± 0.8)× 10−2
sin2(2θ23) 0.999
+0.001
−0.018 Normal MH
sin2(2θ23) 1.000
+0.000
−0.017 Inverted MH
∆m221 (7.53± 0.18)× 10−5 eV2|∆m232| (2.44± 0.06)× 10−3 eV2 Normal MH|∆m232| (2.52± 0.07)× 10−3 eV2 Inverted MH
Table 2: The experimentally determined oscillation parameters of the neutrino sector [3].
Additionally, the mixing angle θ23 is very close to 45° (see Tab. 2). However, whether it is below or above 45°,
i.e. whether θ23 is in the first octant (θ23 <pi/4) or second octant (θ23 >pi/4), is as of yet undetermined.
The goals of the next generation of neutrino oscillation experiments will be to determine the value of δC P , the
MH and the octant of θ23.
2.3.3 Matter Effects
As mentioned above, the mixing matrix and oscillation probabilities presented in Sec. 2.3.1 and 2.3.2 are only
valid for propagation in vacuum. However, neutrinos also propagate in matter, where they have a non-zero prob-
ability of elastic scattering on fermions [10]. The elastic scattering takes place through two channels: the neutral
current, propagated by the Z boson; and the charged current, propagated by the W bosons. The neutral cur-
rent affects each neutrino flavour identically, and therefore does not contribute to any change in the oscillation
probability. The charged current, however, does affect the neutrino flavours differently. Due to the abundance
of electrons in regular matter, and the total lack of positrons and higher generation leptons, electron neutrinos
gain an additional scattering potential over the other flavours (including the electron antineutrino). This can be
understood through Fig. 1, where the possible neutrino on electron scattering processes are displayed. It is clear
that electron neutrinos have an additional scattering channel over the remaining flavours.
To formally quantify the neutrino oscillation matter effect, a parameter Aˆ can be defined [11]:
Aˆ≡ 2
p
2EGF ne
|∆213|
(12)
Here, GF is the Fermi constant and ne is the electron density of the medium. The parameter Aˆ can be used to
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Figure 1: The scattering of any neutrino flavour on an electron through the NC (left). The additional
process of an electron neutrino scattering on an electron through the charged current (right).
estimate the neutrino oscillation probability in matter (Eq. 13)
P±(νµ→ νe ) = θ213 s223 sin
2((1∓ Aˆ)∆31)
1∓ Aˆ
+ c223 sin
2(2θ12)∆
2
21

sin(Aˆ∆31)
Aˆ∆31
2
+ θ132sin(2θ12) sin(2θ23)
∆21
∆31
cos(∆31±δC P )
× sin(Aˆ∆31)
Aˆ
sin((1∓ Aˆ)∆31)
1∓ Aˆ (13)
2.4 Measuring the Neutrino CP Violation
At the time when most next generation neutrino facilities were designed, the value of θ13 was unknown. Many
were therefore designed to detect CP violation at the first oscillation maximum, which would be the optimal
location if θ13 ∼ 1°, as many expected. However, the value of θ13 was measured as θ13 = (8.9± 0.4)° (see
Sec. 2.3.2) [3], yielding a very different oscillation probability.
This can be investigated using the oscillation probability equation, Eq. 9 [9]:
P±(νµ→ νe ) = s223 sin2(2θ13) sin2(∆31)
+ c223 sin
2(2θ12) sin
2(∆21)
+ J ′ cos(∓δC P −∆31) (14)
In Eq. 14, the first term is referred to as the atmospheric term, the second as the solar term and the third as
the CP interference term. The titles ‘atmospheric’ and ‘solar’ are derived from the neutrino source from which
the oscillation channel in question first was observed (see Ref. [6] and [5], respectively). Fig. 2 displays the
contributions of the three terms at both θ13 = 1° and θ13 = 10°. The CP interference term is calculated with
the factor cos(∓δC P −∆31) set to 1, i.e. what is shown is the maximum value this term could take on.
The three terms of Eq. 14 are in Fig. 2 displayed over a range of L/E . The L/E parameter was used axis as the
parameters L and E never enter the oscillation probability in any other configuration, and as L and E represent
the only oscillation parameters that can be decided by the the experimentalist. It is evident that if θ13 = 1°
the CP interference term is dominating in the oscillation probability at the first oscillation maximum (L/E ∼
500 km/GeV) and much smaller than the solar term at the second oscillation maximum (L/E ∼ 1500 km/GeV).
If θ13 = 10° however, i.e. much closer to the real value, the atmospheric term is dominating at both the first and
the second oscillation maxima. The CP interference term is much smaller than the atmospheric term at the first
oscillation maximum, but at the second they are of the same magnitude. Therefore the second oscillation maxi-
mum provides a much higher ratio of signal (the CP interference term) to background (the solar and atmospheric
terms) for the possible discovery of CP violation than the first oscillation maximum does.
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Using maxima of even higher order would indeed increase the contribution of the CP interference term to the
total oscillation probability. It would, however, also include measuring at higher values of L/E , yielding lower
statistics as the beam flux per unit area is proportional to L−2.
Figure 2: The three terms of Eq. 14, calculated for a range of L/E [9]. The third term, the CP inter-
ference term, is calculated without the factor cos(∓δC P −∆31). In the left figure θ13 is assumed to be
θ13 = 1°, and in the right figure θ13 = 10°. Note that the solar term is independent of the value of θ13,
while the atmospheric and CP interference terms are not.
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3 Practical Background
3.1 Cherenkov Radiation
3.1.1 Production of Cherenkov Radiation
Cherenkov radiation is the light that is produced as an electrically charged particle propagates in a transparent
medium with a speed faster than the speed of light in that medium [2]. The detection of Cherenkov light is the
most common method for detecting neutrinos, as is described in Sec. 3.1.2.
Cherenkov light can be compared with the shock-wave of sound, the so-called ‘sonic boom’, that is produced
as a plane (or other fast vehicle) travels faster than speed of sound (in air). Just as in the case of the wave-front
of the sonic boom, Cherenkov light is emitted in a forward directed cone around the propagation path of the
particle. The angle between the cone and the propagation direction of the particle, θe mi t , as well as the number
of photons emitted, Nγ , depends on the speed of the particle, and thereby its kinetic energy. The relations
yielding θe mi t and Nγ (emitted by the particle in one unit length) are given below.
cosθe mi t =
1
nβ
(15)
Nγ (λ)dλ = 2piα×

1− 1
n2β2

× dλ
λ2
(16)
= 2piα× sin2θe mi t × dλλ2
The parameterβ is the speed of the particle in units of c (the speed of light in vacuum), n is the refractive index
of the medium, λ is the wavelength of the emitted light and α is the fine structure constant. The Cherenkov
light produced in this project falls within the blue to low energy UV interval.
From Eq. 15, and using the fact that β < 1, it is clear that there is a maximum θe mi t at β = 1 that differs for
different media. In the majority of Cherenkov detectors the medium used is water, nwat e r ≈ 1.33, yielding a
maximum θe mi t = 41.2°.
Additionally, there is a minimum β for which Cherenkov radiation is emitted, found where θe mi t vanishes.
This yields a minimum β≈ 0.752 for Cherenkov light production in water, and should also equal the speed of
light in water, as that is the condition for Cherenkov light production. This is true, as cwat e r ×nwat e r = cvac u u m
yields cwat e r ≈ 0.752. When θe mi t = 0 it is also clear that no Cherenkov photons are produced (see Eq. 16).
Consequently, a charged particle propagating in water must have a speed above ∼ 0.75c in order to produce
Cherenkov radiation. Using the relation between energy and speed (Eq. 17) particle-specific thresholds can be
found on the minimum kinetic energy they must have to emit Cherenkov radiation, EC hT h .
Eki n + m
m
= γ =
1p
1−β2 (17)
For water, the relativistic gamma threshold for Cherenkov production is γ ≈ 1.52. This yields a Cherenkov
production threshold, EC hT h , on the kinetic energy that depends on the particle mass. For muons and electrons,
the relevant particles in this project, these thresholds are presented below.
Eki n,µ ≥ EC hT h,µ ≈ 54.9 M eV
Eki n,e ≥ EC hT h,e ≈ 0.266 M eV
14
3.1.2 Neutrino Detection
Neutrinos never emit Cherenkov light, as they are electrically neutral particles. They do, however, interact
slightly with matter, and thereby sometimes produce charged particles with Eki n ≥ EC hT h . Therefore, if the
charged particles are produced inside of a Cherenkov detector, the neutrinos can be indirectly detected.
The neutrino-matter interaction is divided into two main groups, the charged current (CC) interaction and the
neutral current (NC) interaction.
A neutral current interaction takes place via the Z boson (see Fig. 3), and yields a final state identical to the initial
state. This means that NC reactions are not interesting for the purpose of Cherenkov detection.
Figure 3: An NC reaction for a neutrino (left) and antineutrino (right) with a target in the medium.
The target could be either a nucleus, individual nucleon or an electron.
A charged current interaction, through the W bosons, produces charged leptons from the initial neutrinos (see
Fig. 4). Therefore, if a CC reaction takes place in a transparent medium (e.g. a body of water, ice or air), and if
the kinetic energy of the produced leptons is high enough, Cherenkov radiation will be produced.
Figure 4: A CC reaction for a neutrino (left) and antineutrino (right) with a target in the medium. The
target could be either a nucleus, individual nucleon or an electron. Note that the target also changes in
the interaction with the W boson.
3.1.3 In a Cherenkov Detector
As stated above, Cherenkov radiation is emitted in a cone around the particle propagation path. If a charged lep-
ton produced by the CC reaction is aimed at a wall covered with photon detectors, the photons of the Cherenkov
cone are detected in the shape of a circle. The photon detections are subsequently used to characterise the initial
neutrino interaction. The event reconstruction process will be treated in Sec. 6.
In order to characterise the events properly, the position of the circle must be found through image analysis. For
this, the radius of the ring, RC h , must be known. RC h is found using θe mi t , found from the kinetic energy of
the particle, along with the distance between the CC interaction vertex and the detector wall,∆l .
RC h =∆l tanθe mi t (18)
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The detected Cherenkov ring can also be used to identify the flavour of the charged particle [12]. In the case
of this project, the relevant charged particles are positive and negative muons and electrons, produced by muon
and electron neutrinos and antineutrinos. The ring produced by an electron does not look the same as the ring
produced by a muon. As an electron propagates through a medium, it produces an EM shower, where gamma
rays and e+e− pairs are emitted as the initial electron loses energy. This yields a large number of high energy
particles that differ somewhat in direction, which results in fuzzy edges for the Cherenkov ring. A muon, on
the other hand, does not produce an EM shower, and usually experiences very small changes in direction. This
means that a muon produces a Cherenkov ring with clearer and more well defined edges, as opposed to the
fuzziness of the electron ring. Additionally, this means that the occasional muon that has experienced many
significant changes in direction could produce a Cherenkov ring that looks like it had been produced by an
electron, but an electron could never produce a Cherenkov ring that looks like it had been produced by a muon.
The radius of a ring produced by an electron with a given kinetic energy will always be larger than the radius of
a ring produced by a muon with the same kinetic energy. This is due to the large mass difference between the
electron and the muon (
mµ
me
≈ 200), which results in a much higher γ for the electron than the muon (see Eq. 17).
Another aspect that must be taken into account in a Cherenkov detector is the possibility that Cherenkov rings
are produced by something other than neutrino CC interaction products. This background is the sum of several
different processes, of which some will be presented here.
Firstly, if the target of a NC reaction is an electron, a neutrino of any flavour could give it enough energy to
unbind it from its atom. This would result in a high energy electron that is indistinguishable from an electron
produced by an electron neutrino CC reaction, and could thereby result in the misidentification of e.g. a muon
neutrino as an electron neutrino.
Secondly, muons decay into electrons, along with muon and electron neutrinos. As 12 mµ EC hT h,e this often
results in an electron with high enough kinetic energy to produce Cherenkov radiation, yielding a possible
misidentification of the decay product as a second CC interaction product.
The third background process to consider is the production of pions in the neutrino interaction vertex. Any
pions that are produced will propagate out into the detector medium and subsequently decay into (mainly)
electrons and positrons, which could also be mistaken for CC interaction products.
The last two backgrounds presented here are due to cosmic rays. When cosmic rays hit the atmosphere, they
produce (among other things) muons. The production and subsequent decay of these muons produces neutrinos
that will enter the detector and perhaps induce a CC reaction. This background is well known and could be
subtracted from the data sample in the analysis. The second background factor resulting from the cosmic rays is
the atmospheric muons that have not decayed before entering the detector. This background could be reduced
by surrounding the detector volume with scintillator plates, and thereby vetoing the atmospheric muons as they
enter the detector.
Surrounding the detector with such scintillator plates could also fulfil a different purpose. If a muon was pro-
duced in close proximity to and directed at the wall of the detector, it could reach the wall before having reduced
its kinetic energy to zero, thereby penetrating it and continuing to propagate outside of the detector. If there
were scintillator plates surrounding the detector tank, the muon could be detected externally which would help
with its characterisation.
The last thing to be considered concerning a Cherenkov detector is the fact that a charged particle propagating in
certain media also produces scintillation light [2]. This light is produced in the deexcitation of the atoms along
the particle track that were excited as the particle passed them. It falls within roughly the same wavelength
interval as the Cherenkov light, but is emitted isotropically from the particle. The scintillation light could be
useful for the characterisation of the charged particle, but will not be treated further in this project.
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3.2 Photo-Detectors
This section details two types of photo-detectors for the detection of Cherenkov photons produced by a propa-
gating charged lepton. One of the two types will be used in the ESSνSB ND.
3.2.1 Photo-Multiplier Tubes
A Photo-Multiplier Tube (PMT) is a vacuum tube used for the detection of visual or near-visual spectrum pho-
tons [13]. A PMT contains several electrodes: one cathode, several dynodes in sequence and one anode (see
Fig. 5). A voltage is set up between the electrodes, where each subsequent electrode (counting from the cathode,
through the dynodes, to the anode) is at a higher positive potential than the previous. For detecting photons, the
cathode of the PMT is exposed to the light (and therefore denoted as the photo-cathode). The detecting surface
of a PMT is conventionally circular.
Figure 5: A sketch describing the PMT photon detection process [14].
As a photon hits the PMT it causes an electron to be emitted in the photo-cathode through the photo-electric
effect. The primary electron is accelerated to the first dynode by the voltage laid over the tube. At the first
dynode, the primary electron knocks out secondary electrons, which are all accelerated towards the next dynode.
Here, additional secondary electrons are produced, and the process is repeated at each subsequent dynode until
the electrons reach the anode. At the anode, where the electric signal is extracted, the number of electrons
(denoted as the gain) is 105 – 108, depending on the number of dynodes used.
Photo-multiplier tubes exist with a wide variety of spatial and temporal resolutions. For example, the large
neutrino Cherenkov detector Super-Kamiokande makes use of photo-multipliers with diameters of 20 cm and
50 cm [15]. For detectors requiring higher spatial and temporal resolutions, however, devices with spatial reso-
lutions down to 28 mm and temporal resolutions down to 170 ps can be found [16].
3.2.2 Multi-Channel Plates
A Multi-Channel Plate (MCP) is an alternative to a PMT for the purpose of high accuracy photo-detection [17].
An MCP consists of a photo-cathode and an anode, between which is inset a plate with 104 – 107 channels, or
pores. The channels typically have a diameter of 10 µm – 100 µm, and are slightly tilted with respect to the
normal of the plate surface.
As in the case of the PMT, a voltage is set between the photo-cathode and the anode. When a photon hits the
photo-cathode, an electron is emitted and accelerated towards the anode. It passes through one of the channels in
the MCP, which acts as a small PMT with the channel walls acting as dynodes. This creates an electron shower
with a gain of 104 – 107, which is detected beneath the plate by a lattice of anode wires.
One example of an MCP is the LAPPD, or the Large Area Pico-second Photo-Detector, which is now in devel-
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opment [18, 19]. An LAPPD plate has a rectangular shape and measures 20×20 cm2. It consists of two serially
positioned micro-channel plates, as can be seen in Fig. 6. The diameter of the pores is 20 µm, and they are
tilted 18° with respect to the normal of the plate surface (the channels of the two plates being tilted in opposite
directions).
incoming photon
anode readout
photocathode (pc)
mcp 1
mcp 2
inter-mcp gap
anode gap
pc gap
top window
Figure 6: The LAPPD photon detection process [19].
The gain of the electron signal is 107, with the majority of secondary electrons produced in the lower plate. The
electron signal is detected by anode wires along both axes with a separation of 7 mm.
The electron cascade that is produced in the lower plate also creates positive ions. These are attracted to the
photo-cathode, but prevented from reaching it by the double layering with oppositely tilted channels.
The spatial resolution of an LAPPD is 5 mm for single photon detections, and 1 mm for larger signals. Consid-
ering the number of Cherenkov photons produced in the ESSνSB ND (see Sec. 6.3), and its inner surface area,
one must here assume the single photon detection case to be true. The temporal resolution of an LAPPD is
64 ps for a single photon detection with wavelength 610 nm, and similar for all of the visible spectrum.
3.3 Software
3.3.1 ROOT
The ROOT framework is an object oriented framework used for scientific analysis in a wide variety of fields [20].
It is adapted for the handling of large data, and also has an associated data format especially designed for easy
access to specific parts of large data volumes. This makes the ROOT framework especially well suited for analyses
in high energy physics experiments. The framework also includes tools for e.g. fitting and statistical analyses.
ROOT uses C++ syntax and has a built in C++ interpreter (CINT) for scripts.
All analyses in this project were carried out using ROOT, version 5.34.21.
3.3.2 GENIE
GENIE (Generates Events for Neutrino Interaction Experiments) is a ROOT based Monte Carlo simulator of
neutrino interactions with matter [21]. It simulates a wide variety of neutrino interaction processes with the
nuclei, individual nucleons and electrons of the defined target material. GENIE is able to treat all neutrino
flavours within the energy range from 100 MeV up to a few 100 GeV. The set of neutrino interaction cross
sections that is used must be pre-set by the user.
For the generation of neutrino interaction vertices in this project, GENIE, version 2.8.4, was used. Additionally,
the cross section spline set that was used was titled gxspl-NuMIbig (provided by GENIE).
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3.3.3 GEANT4
GEANT4 (GEometry ANd Tracking) is a simulation toolkit for the interaction between particles and bulk
matter [22]. GEANT4 treats a wide range of interactions, e.g. electromagnetic and hadronic, and the geometry
and composition of detectors can be set up along with sensitive detecting regions. Each particle trajectory is
propagated in small steps by GEANT4. In each step, the processes applicable to the particle are evaluated, and
their probability to occur is determined. When a step is completed, the next step of that track is pushed to the
back of the stack of upcoming steps (steps to be treated). A track is finished either as the corresponding particle
has no remaining kinetic energy and no other possible processes (e.g. decay) or when the particle has propagated
out of the defined world volume.
All simulations of particle/bulk-matter interactions in this project have been carried out using GEANT4 10.00.
The programs developed for the lepton propagation in water and the detection of the emitted light were partially
based on the example programs ExampleB2a, ExampleB4a and OpNovice provided by the GEANT4 team.
3.4 The ESSνSB Facility
The European Spallation Source Neutrino Super Beam, or the ESSνSB, is a proposed facility that would be
located at the European Spallation Source facility (the ESS) now under construction in Lund, Sweden (see
Fig. 7) [23, 24]. At the ESS, protons will be accelerated in a linear accelerator onto a tungsten target to pro-
vide spallation neutrons. The ESSνSB is proposed to make use of the same linac to accelerate negative hydrogen
ions for neutrino production purposes. The linac would need to be upgraded to a higher frequency in order to
accommodate the required intensity increase without decreasing the neutron production rate.
Figure 7: A schematic figure of the ESS facility with the possible addition of the ESSνSB. The ESSνSB
is included in blue, displaying the accumulator rings, the target station and the near detector. Note
that the exact location of the ND is not yet decided [25]. North is shown by the arrow in the upper
right-hand corner.
The goal of the ESSνSB is to investigate the oscillation properties of neutrinos, with a focus on the CP violating
phase,δC P . This can be achieved by constructing a megaton water Cherenkov detector to detect neutrinos at the
second oscillation maximum, which is advantageous for the detection of CP violation in neutrino oscillations
(see Sec. 2.4).
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3.4.1 Neutrino Production
At present, the ESS linac is planned to accelerate 2.86 ms long proton bunches at 14 Hz. The beam power will
be 5 MW, making it the most powerful proton linac in the world, and the energy of the protons exiting the linac
2.0 GeV. If the ESSνSB is approved the linac will be upgraded to deliver a 10 MW beam (5 MW for spallation
neutrons and 5 MW for neutrino production) at 28 Hz [23, 24]. This allows for an acceleration of a 2.86 ms,
62.5 mA pulse of H− ions in each gap between two subsequent proton bunches. If the space-charge effect of
the bunches becomes too large, a suggestion exists to divide the H− bunches into four smaller bunches between
each proton bunch. In any case, a source for the negative hydrogen ions must be provided. Below follows the
proposed production procedure of the neutrinos (see Fig. 8).
Figure 8: The setup of the ESSνSB.
The negative hydrogen ions would first be accelerated to 2.0 GeV and 5 MW in the ESS linac. A beam energy up-
grade to 3.0 GeV has been suggested, which would be advantageous for measurements of the neutrino oscillation
parameters (see Sec. 3.4.4).
After the linac, the ions would be guided to four accumulator rings. At the injection point to the rings, the ions
would be stripped of all electrons using a laser stripper, leaving bare protons to enter the rings. Had protons
been used directly instead of H− ions, the injection would have been more problematic. This is because the
rings already contain protons, and any bending magnet at the injection point would guide either the new proton
beam or the stored one into the beam line wall. This problem is eliminated if H− ions are used instead, and
stripped at the injection point.
The accumulator rings will have a circumference of ∼ 400 m, and their purpose is to shorten the pulse duration
to 1.5 µs. This is mainly due to pulsing requirements with the focusing horns, but also increases the signal to
background ratio of the measurements as the detection time window is decreased. An interest in short neu-
tron pulses has also been expressed by the ESS facility, opening up the possibility of sharing the cost of the
accumulator rings along with that of the proton linac.
When enough protons have been accumulated in the accumulator rings, the four beams are extracted and deliv-
ered onto targets of titanium spheres cooled by cold helium gas, at a frequency of 14 Hz. There would be a total
of four targets, one for each accumulator ring, each receiving a beam of protons of 1.25 MW.
The collisions between the protons and the titanium produce a beam of mesons (mainly pions) that is focused
into the decay tunnel using a magnetic horn. The polarisation of the magnetic horn determines if positive or
negative mesons are focused into the decay tunnel. The mesons subsequently decay in the decay tunnel into
muons and muon neutrinos. Positive mesons yield νµ and µ
+ while negative mesons yield ν¯µ and µ
−. At the
end of the decay tunnel all remaining mesons and muons are absorbed while the neutrino (or antineutrino) beam
propagates towards the near and far detectors.
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3.4.2 The Near Detector
A near detector (ND) will be constructed on the neutrino beam axis, 50 m – 500 m after the end of the decay
tunnel [23, 24]. It will be a cylindrical water Cherenkov detector, with the central axis aligned with the neutrino
beam direction. Additionally, it will likely be enveloped in a shell of scintillator plates to veto atmospheric
muons and measure non-contained events. Further decisions on the design have not yet been taken.
The purpose of including a near detector in the setup is to measure the flux of the neutrino beam directly after
production along with the neutrino cross sections. With the help of these measurements, a more precise estimate
of the projected neutrino flux at the far detector can be made, which will reduce the systematic uncertainties.
The work done in this project comprises the first practical investigation on the design of the ESSνSB ND.
3.4.3 The Far Detector
The far detector (FD) of the ESSνSB will be a megaton cylindrical water Cherenkov detector. After consid-
erations, it has been decided that the far detector will be of the same type as the MEMPHYS detector system
(MEgaton Mass PHYSics), which has been extensively studied for the detection of neutrinos from a wide variety
of sources [23, 24, 26]. The ESSνSB far detector will be located on the axis of the produced neutrino beam at a
distance close to where the neutrino beam reaches the second oscillation maximum, in order to maximise the
contribution of the CP violating term in the oscillation probability (see Sec. 2.4). The second oscillation maxi-
mum is not well defined, however, as the neutrino beam is not mono-chromatic. Therefore, the far detector will
be located where a significant part of the neutrino flux is close to the second oscillation maximum. See Sec. 4.1
for the neutrino beam energy spectrum close to the production point.
The far detector also needs to be shielded from cosmic ray muons, which is most easily achieved by placing it at
a depth of ∼ 1000 m underground. Several mines at a distance of around 500 km have therefore been discussed
as possible detector sites, whereof the Garpenberg Mine (540 km from Lund), the Zinkgruvan Mine (370 km
from Lund) and the Kongsberg Mine (480 km from Lund) are primary candidates (in priority order). These are
currently subjected to more thorough investigations to determine their suitability for hosting the ESSνSB FD.
The final decision will take the suitability of the site into consideration, but will mainly depend on the results
of exhaustive simulations on the optimum baseline length.
Figure 9: The layout of the MEMPHYS detector system [23].
The MEMPHYS detector system will consist of two equally large water tanks intended for the detection of
Cherenkov light, with a total fiducial volume of 500 kt (see Fig. 9). Each tank will on the inside be covered to
30% with photo-multiplier tubes, yielding a total of ∼ 120000 PMT:s per detector tank.
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3.4.4 Performance
As several design parameters of the ESSνSB experiment are at this point in time still under evaluation (e.g. the
proton beam energy and the baseline length), there is no precise results on how well the ESSνSb would perform.
The performance projections presented below are therefore conservative estimates [24, 27]. There is a large
possibility that they will improve, in part due to the near detector systematic error minimisation that could be
carried out following this project.
The performance of 10 yr of running the ESSνSB has been evaluated for different proton beam energies and
different baseline lengths (see Fig. 10 and 11) [23]. The significance with which the the CP violating phase δC P
can be determined is displayed in Fig. 10, for different baseline lengths using a 2 GeV proton beam. This is
set over the parameter space of δC P . The highest probability is attained where the CP violation is maximal,
at δC P = ±90°, with a slightly higher value for a baseline length of 500 km than of 300 km. The 200 km and
800 km baselines show a significantly lower performance. Using a 3 GeV proton beam and a 500 km baseline, a
5σ discovery could be achieved for 50% of the δC P parameter space, and a 3σ discovery for 74%.
To find the mass hierarchy of the neutrino sector, one hierarchy was assumed to be true and the χ 2 value for
detecting the other hierarchy was evaluated. Fig. 11 displays theχ 2 value for the case where an inverted hierarchy
has been measured but the normal hierarchy is true. This is evaluated over the full δC P parameter space for two
different baseline lengths and two different proton beam energies. The results are very similar for the opposing
case (i.e. a measured NH and true IH). A 3σ significance (assuming
p
χ 2 = nσ ) can be reached for nearly the
entire δC P parameter space for both baseline lengths at a proton beam energy of 3 GeV. For 2 GeV, a 3σ
significance can be reached only for about half the δC P parameter space using a 360 km baseline and never using
a 540 km baseline. A 5σ significance cannot ever be obtained using a top proton beam energy of 3 GeV. There
is, however, a high probability that the mass hierarchy is discovered before the ESSνSB commences data analysis,
so the ESSνSB will be optimised for the determination of δC P over the determination of the MH.
Both the sensitivity for δC P and the MH can be increased by including atmospheric neutrino detections in the
analysis. The high statistics provided by atmospheric neutrinos could make the contribution to the analysis
significant.
Figure 10: The discovery significance,
given in standard deviations σ , with
which CP violation could be detected
over the entire δC P parameter space
in a 10 yr run of the ESSνSB with a
2 GeV proton beam [23].
Figure 11: The χ 2 value for detect-
ing IH with a true NH (i.e. detecting
the wrong MH) during a 10 yr run
of the ESSνSB with baseline lengths
of 360 km and 540 km and using a
2 GeV and a 3 GeV proton beam [23].
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4 Neutrino Event Construction
The production of the initial neutrino beam of the ESSνSB was simulated by Nikolaos Vassilopoulos, Strasbourg
University, using FLUKA 2011.xx (version 2014) [28] and GEANT 3.21. Datasets containing the composition,
flux and momenta of the simulated neutrino beam were therefore obtained directly from him. This beam profile
provided the first restrictions on the position and radius of the near detector (see Sec. 4.1).
The energy spectra of the neutrinos in the datasets were used to simulate neutrino interaction events in water
with the GENIE toolkit. This generation yielded energy and direction spectra of the outgoing charged leptons,
along with the expected event rate and branching ratios to different final states (see Sec. 4.2).
A selection of typical events was made from the generated neutrino events, and the selected events were used to
simulate the near detector response. The simulation was carried through using the particle/bulk-matter inter-
action simulation toolkit GEANT4. Here, (Sec. 4.3) this is done for illustrative purposes. A more systematic
treatment of the detector response is found in Sec. 6.
4.1 The Incoming Neutrino Beam
The neutrino beam datasets each contain the neutrino properties of the beam at a given distance, zN D , from the
target station (included are zN D = 50 m, zN D = 250 m and zN D = 500 m). The number of detected neutrinos in
each dataset corresponds to having been produced by a certain number of protons on target. These numbers are
2× 109, 2× 1010 and 2× 1011 protons on target for zN D = 50 m, zN D = 250 m and zN D = 500 m, respectively.
The proton flux on target is 1.56× 1016 s−1.
The datasets include neutrinos within 5 m of the central neutrino beam axis, as if they were recorded on a disk
with radius R = 5 m. The properties included for each neutrino are:
• Neutrino flavour — νµ, ν¯µ, νe or ν¯e .
• Radial position (x, y).
• Momentum (px , py , pz ).
The most abundant neutrino flavour in the beam is the muon neutrino (see Fig. 12). This means that the magnetic
horn of the ESSνSB focused positive pions into the meson beam and defocused negative pions. The second most
abundant flavour in the beam is the muon antineutrino. This is due to the continued decay of the antimuon
after having been produced by the positive pion. Below is the decay chain of the positive pion.
pi+→ νµ+µ+→ νµ+ ν¯µ+ νe + e+ (19)
This decay chain also explains the close correspondence between the energy distributions of muon antineutrinos
and electron neutrinos that can be found in Fig. 13, as they are produced in the same decay. A small excess of
entries can also be found at the lower energies of ν¯µ (see Fig. 13), especially for the near detector radius RN D = 5 m.
The excess corresponds to roughly 12 mµ and is due to energy conservation in the at-rest decays of the low energy
antimuons that were absorbed by the decay tunnel end wall.
4.1.1 Near Detector Radius and Location
The purpose of the near detector is to determine the neutrino beam flux and measure the neutrino cross section
directly after beam production. In order to be able to use these results in combination with the far detector
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Figure 12: The flux of the four neutrino flavours at each of the near detector locations, zN D .
results, it is desirable that the beam spatial and energy distributions over the detector cross sectional area are as
alike as possible for the ND and FD. From linear extrapolation, an FD with radius RF D = 20 m at zF D = 500 km
corresponds to an ND with radius RN D = 20 mm at zN D = 500 m, yielding that the beam spatial and energy
distributions at the ND must be as similar as possible to the central beam spatial and energy distributions.
It was found that the spatial distribution of the beam over the detector cross sectional area was homogeneous at
zN D = 250 m and zN D = 500 m, using RN D = 5 m. With this radius, however, the beam spatial distribution was
found to be highly inhomogeneous at zN D = 50 m (see Fig. 14), where the largest allowed radius was found to
be RN D = 1 m.
A rough extrapolation of the RN D ≤ 1 m limit at zN D = 50 m to all zN D yields the following limit on RN D .
RN D ≤ zN D50 (20)
This yields limits of RN D ≤ 5 m and RN D ≤ 10 m at zN D = 250 m and zN D = 500 m, respectively.
The majority of the neutrinos in the beam, for any combination of detector location and radius, are found to
have energies between Eν = 0.1 GeV and Eν = 0.6 GeV, peaking at Eν ≈ 0.2 GeV (see Fig. 13). With the second
oscillation maximum at L/E ≈ 1500 km/GeV (see Fig. 2), these energies yield L = 150 km, L = 300 km and
L = 900 km for Eν = 0.1 GeV, Eν = 0.2 GeV and Eν = 0.6 GeV, respectively. This means that the final location
of the far detector is not strictly bound and that there is room to consider other factors than physics, e.g. the
detector hosting suitability of the different possible mines.
For a real detector analysis it would be beneficial to be able to approximate the neutrino propagation direction
to be parallel to the z axis (as is done in Eq. 21). This is found to be an acceptable approximation for all cases
except an ND with radius RN D = 5 m at zN D = 50 m (see Fig. 15). This combination of location and radius has
already been ruled out due to the spatial inhomogeneity found in the beam. Therefore, from this point forward,
all neutrinos are assumed to propagate in parallel with the z axis.
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Figure 13: The energy distributions of the four neutrino flavours. The distributions are given for each
ND site zN D and both RN D = 5 m and RN D = 1 m.
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Figure 14: The spatial distributions of the neutrinos. The distributions are given for each ND site zN D
and both RN D = 5 m and RN D = 1 m.
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Figure 15: The angular distributions of the neutrinos. The distributions are given for each ND site zN D
and both RN D = 5 m and RN D = 1 m.
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4.2 The Neutrino Interaction Vertex
A sample of 106 neutrino interaction events with water was simulated for each neutrino flavour included in
the datasets. The simulation was carried through using GENIE (see Sec. 3.3.2), and the initial state neutrinos
were generated from the energy spectra of each neutrino flavour at the near detector site zN D = 500 m with
RN D = 5 m. Using one set of energy spectra was deemed sufficient as it is required that the distributions are
identical at each ND site and with each ND radius. The water was defined as a mixture of Oxygen-16 and
Hydrogen-1, with respective mass percentages of 88.79% and 11.21%.
The low flux flavours, however, showed a large variation between bins (see Fig. 13). Therefore, a spline was
generated from each energy distribution to smooth out the low flux flavour energy distributions. These splines,
and not the original energy spectra, were subsequently used in the generation of the neutrino event vertices (see
Fig. 16).
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Figure 16: The energy distribution splines used to generate neutrino interaction vertices.
4.2.1 The Interaction Vertex Products
In order to gain a full understanding of the neutrino interaction with the detector, the reaction rates with differ-
ent targets and the branching ratios to different final states must be studied.
It is found that the most likely target in the water for any initial neutrino flavour is Oxygen-16, followed by
Hydrogen-1 (see Tab. 3). Additionally, antineutrinos are substantially more likely to react with Hydrogen-1
(∼ 25%) than neutrinos are (∼ 5%). This is because antineutrinos can react with Hydrogen-1 (a single proton)
through both a CC and an NC reaction, while neutrinos only undergo NC reactions with Hydrogen-1.
It is also found that a CC reaction is more likely than an NC reaction for all flavours, and that all CC reactions
are more likely to produce a final state lepton with an energy that exceeds the energy threshold for producing
Cherenkov radiation than with a lower energy (see Tab. 4). Additionally, it is clear that electron neutrinos
and antineutrinos almost exclusively produce CC products with Eki n > EC hT h , while muon neutrinos and
antineutrinos produce a non-negligible sample of CC products with Eki n < EC hT h . This is because the electrons
and muons are produced with approximately the same kinetic energy spectrum while they differ vastly in mass,
yielding that the produced electrons are almost always ultrarelativistic while the muons are produced with a
kinetic energy comparable to their mass.
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Initial Neutrino 16O 1H e− 16O + e−
νµ 0.947 0.0527 1.03× 10−4 4.55× 10−4
ν¯µ 0.747 0.252 1.69× 10−4 6.39× 10−4
νe 0.950 0.0499 1.80× 10−5 9.20× 10−5
ν¯e 0.765 0.235 5.40× 10−5 2.49× 10−4
Table 3: The reaction rates for each initial state neutrino flavour with each of the available targets in
the target water.
Flavour BR to NC BR to CC, Eki n < EC hT h BR to CC, Eki n > EC hT h
νµ 0.361 0.135 0.564
ν¯µ 0.457 0.090 0.453
νe 0.308 0.000 0.692
ν¯e 0.381 0.001 0.618
Table 4: The branching ratios for NC reactions and CC reactions for each initial state neutrino flavour.
The second and third column contain the branching ratios of CC reactions where the final state charged
lepton has a kinetic energy Eki n < EC hT h and Eki n > EC hT h , respectively.
Flavour Event Rate, total (s−1) Event Rate, NC (s−1) Event Rate, CC (s−1)
νµ 402 144 258
ν¯µ 4.91 2.19 2.72
νe 1.27 0.392 0.877
ν¯e 1.83× 10−3 6.98× 10−4 1.14× 10−3
All Flavours 408 146 262
Table 5: The event rates for each initial state neutrino flavour. Note that NC events are invisible to the
detector.
Flavour BR to scattered e− BR to events containing pions
νµ 1.10× 10−4 0.0340
ν¯µ 3.03× 10−4 0.0511
νe — 0.111
ν¯e 8.04× 10−4 0.0572
Table 6: The branching ratios for each initial state neutrino flavour to produce e− (for non-νe events)
and all flavours of pions (pi0,±).
29
 (GeV)kinE
0 0.2 0.4 0.6 0.8 1 1.2 1.4
1
10
210
310
410
510
Flavour
-µ
+µ
-e
+e
 from other-e
 = 500 cmND = 500 m, RNDz
Figure 17: The kinetic energy distribution of the charged leptons produced though a CC reaction. Also
included is the kinetic energy distribution of electrons produced in non-νe events.
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Figure 18: The distribution over the kinetic energy and outgoing angle to the z axis of the charged
leptons produced though CC reactions.
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The fact that the dominating channel for each flavour is the channel with final state charged leptons where
Eki n > EC hT h is important, as no other events are visible in a Cherenkov detector.
In addition to knowing the production rates of charged leptons, their energy spectra and angular distributions
must be determined. It is found that the kinetic energy spectra of the produced leptons are very similar to
the spectra of the initial neutrino spectra (see Fig. 17). Additionally, it is found that the produced µ− (the most
dominant flavour) favours angles slightly above 90°, i.e. slightly backwards (see Fig. 18). This means that the great
majority of all events produced in the detector tank will have large angles to the z axis, and that the produced
Cherenkov rings will be projected onto the mantle of the detector tank, rather than the back plate. This will be
treated further in Sec. 5.3.
One of the main parameters for a detector experiment is the event rate with which it detects events. For an ND
located at zN D = 500 m with a radius RN D = 5 m the total CC event rate was found to be∼ 260 s−1, and the total
NC event rate was ∼ 150 s−1 (see Tab. 5). Note that the NC events are invisible to the detector. It is also found
that muon events (∼ 260 s−1) dominate over electron events (∼ 1 s−1). This is expected, as the muon neutrino
and antineutrino flux is much larger than the electron neutrino and antineutrino flux. The total CC event rate
for all flavours, along with a neutrino beam pulse frequency of 14 Hz and pulse width of∼ 1.5 µs, yield that the
average temporal separation of the beginnings of two subsequent events is ∼ 80 ns. The total detection time of
the produced Cherenkov light of one event is ∼ 30 ns (see Fig. 22), i.e. on the same order of magnitude as the
average time separation of two events. This means that it is likely that two neutrino interactions will coincide
in time, i.e. that a second Cherenkov ring detected a short time after the first cannot immediately be discarded
as secondarily produced particles.
An additional important parameter for a detector experiment is the produced background. Here it is found
that there is a significant branching ratio to the production of pions in the interaction vertex (see Tab. 6). Pions
provide a large background contribution as they have major leptonic decay channels. Another background
contribution comes from the NC reactions where non-νe neutrinos (ν¯e , νµ, ν¯µ) knock out electrons in the water.
These electrons could be yielded a significant amount of the initial neutrino energy, and could thereby disguise
as CC νe events. Fortunately, they are found to have a negligible flux compared to real CC νe events (see Fig. 17).
The backgrounds presented here will not be treated further in this project.
4.3 Representative Event Examples
Six interaction vertices were placed in a GEANT4 model of a near detector, mainly for illustrative purposes
(see Sec. 3.3.3). The detector was defined as a cylinder with length LN D = 10 m and radius RN D = 5 m, and its
central axis placed along the z axis. For each interaction vertex, only the produced charged leptons were placed
in the detector, i.e. all pions etc. were ignored. The vertex was set at the central point of the detector, and the
charged leptons were given an angle to the z axis, θ, corresponding to the approximate average angle to the z
axis for the given flavour and kinetic energy (see Fig. 18). The kinetic energies were chosen for the simulation as
a representative sample of the produced CC products (see Fig. 17). Tab. 7 contains the flavours, kinetic energies
and angles to the z axis of the vertices used.
Figure 19: A simulated 2 MeV e− event
in a GEANT4 model of the ESSνSB
near detector.
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Photons were produced as each lepton propagated through the detector water, mainly through Cherenkov ra-
diation and scintillation. As a photon reached the detector tank boundary it was recorded and removed from
the simulation. The program designed for this was partially based on the example programs ExampleB2a, Ex-
ampleB4a and OpNovice provided by the GEANT4 team.
CC Product Flavour Kinetic Energy, Eki n (M eV ) Angle to z axis, θ (°)
µ− 100 100
e− 100 110
µ− 300 55
e− 300 70
µ− 500 25
e− 500 45
Table 7: The properties of the charged leptons that were placed in a detector model to find its response.
4.3.1 Detector Response
The simulated detector response to each of the six events can be found in Fig. 21, where the detector cylinder
is illustrated as having been unfolded (see Fig. 20). The shapes in the detector response figures represent the
different surface areas of the detector tank. The circles marked ‘Front’ and ‘Back’ represent the front plate and
the back plates of the detector, respectively. The neutrino beam is directed from the front end to the back end of
the detector, i.e. it enters the detector through the front plate and leaves through the back plate. The rectangle
marked ‘Mantle’ represents the unfolded and flattened mantle of the cylindrical detector tank.
Figure 20: A step-by-step key for how to read the detector figures in Fig. 21. The purple arrow shows the
direction of the incoming neutrino beam at the detector, and the green line represents the central axis
of the detector. The green plus and cross represent the points where the detector central axis intersects
the front and the back detector plates, respectively.
Each detector plate of Fig. 21 contains a number of detector pixels that display the number of photons that
hit them. The pixels are of the size 100 mm × 100 mm. All detected photons were found to have energies
∼ 2 eV≤ Eγ ≤ 4 eV, i.e. they all fell within the blue to low energy UV range.
Notice how the 100 MeV events in Fig. 21 display rings produced partially on the front plate of the detector,
i.e. produced with an angle larger than 90° to the z axis. As the angle θ is the average angle for the given kinetic
energy, the detection coordinates of the Cherenkov rings displayed here are representative of the full sample.
In addition to the detection coordinates of the ring, the temporal spread of the detections is also important, as
it is undesirable to have several events being detected simultaneously. It was found that the photon detections
from one event take place over a duration of∼ 30 ns, but is significant only during the first∼ 15 ns (see Fig. 22).
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Figure 21: The detector response for each of the six events.
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Figure 22: The detection time, td e t , of the photon detections of each of the six events.
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5 The BestCase Events
5.1 The BestCase Event Sample
The BestCase event sample is a sample of idealized neutrino CC event products in a simplified detector environ-
ment, and has the purpose of yielding an understanding of these events at the most basic level. In each BestCase
event, a charged lepton has been placed at the origin of the coordinate system with a predetermined kinetic en-
ergy and momentum along the z axis. A detector wall is placed in the x-y plane at z = 5 m, where each photon
is registered on impact (see Fig. 23). See App. A.1 and A.2 for several examples of BestCase events visualised in
multiple ways.
Figure 23: A schematic description of the BestCase events.
In the BestCase events, four charged lepton flavours were used (e±, µ±), each with five different initial kinetic
energies (100 MeV, 200 MeV, 300 MeV, 400 MeV, 500 MeV). These specific energy values were chosen to cover
the region of interest in Fig. 17. The above selected sets of lepton flavours and kinetic energies yield a total of 20
unique initial event states. For each of the 20 initial flavour and energy combinations two datasets were produced.
For the first dataset, containing 1000 events, the position and momentum of the charged lepton were recorded at
each propagation step. This was used to study the propagation path of the lepton in the detector. For the second
dataset, containing 100 events, the detection coordinates (t , x, y, z) of each photon were recorded at impact with
the detector wall, identically to the detection process of Sec. 4.3. This was used to for event reconstruction
through the study of the detected photons (Sec. 6). The two datasets where limited to the sizes of 100 events and
1000 events respectively by limits on the computational time and required storage space. Each error presented
in this section is the standard deviation of the distribution in question over the 1000 event sample.
The simulations of propagating a charged lepton and detecting the emitted light were carried through using
GEANT4 (see Sec. 3.3.3). The developed program was partially based on the example programs ExampleB2a,
ExampleB4a and OpNovice provided by the GEANT4 team.
5.2 The Lepton Propagation Path
In order to understand the scale and shape of the BestCase events it is useful to investigate some parameters of
the lepton propagation path.
First, the range and radiation length of the initial charged leptons were investigated. The range was defined as
the distance the lepton had propagated before its kinetic energy had been reduced to zero. The radiation length
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was defined as the distance the lepton had propagated before its kinetic energy had been reduced to 1e of its
original value. It was found that the the stopping power remains fairly constant for muons, while for electrons
it increases as the kinetic energy increases (see Fig. 24 and 25). This is, however, not the full picture, as only the
initial lepton is taken into account and the induced EM shower of the electron is disregarded.
A different perspective is found when looking at the Cherenkov production range. The Cherenkov production
range is the furthest distance found between the initial vertex and a lepton that is still energetic enough to produce
Cherenkov radiation. It was found that the EM shower produced in electron events is still inducing Cherenkov
radiation at approximately the same distance to the original vertex that the single muon does (see Fig. 26). To
be considered is, however, that at this point such a significant energy loss has occurred that the number of
Cherenkov photons produced is very small.
In addition to the propagated distance of the initial lepton after one radiation length, its angle to the initial
direction at that point was examined. This angle was found to be small for all initial kinetic energies studied here
(see Fig. 27), and negligible in comparison with the angle of the lepton with respect to the neutrino direction
(see Fig. 18). Additionally, a decreasing trend of the angles was found with increasing initial kinetic energy. This
is expected as higher energy particles are expected to scatter with a smaller directional change. Note that this
angle also only concerns the initial lepton in the event and not accounting for the size of the EM shower induced
by electrons.
The errors presented in Fig. 24, 25, 26 and 27 represent the spread of each distribution, i.e. the standard deviation
of the sample around the average.
5.3 The Muon Angular Range
In addition to knowing the range of the produced muons, it is useful to know the relation between the range and
the outgoing angle with respect to the neutrino direction. This was studied by combining the muon spectrum
over outgoing angles and energies (see Fig. 18) with the muon range (see Fig. 24). The corresponding electron
results are expected to be very similar, as the electron EM shower is similar in range to the muon path.
This could be simulated completely with GEANT4, but was not done here for computational reasons. A hand
waving simulation was performed instead, based on two approximations. Firstly, the muons were assumed to
have a straight propagation path. This is not unreasonable (see Fig. 27). Secondly, the muons were assumed to
propagate 4.5 mm/MeV of initial kinetic energy. This rough linear approximation was made from the muon
range for different initial kinetic energies (see Fig. 24). The results presented here should be confirmed through
a simulation of a fully general event sample.
It was found that the majority of muons scatter off the nuclei in water at large angles, and that the higher the
kinetic energy of the muon, the more forward it scatters (see Fig. 28 and 29). The high scattering angles result
in the great majority of the Cherenkov rings being produced on the mantle of the detector tank, and not on
the back plate. Had the events been produced mainly in the forward direction, a longer detector could result
in a reduced precision, as many Cherenkov photons would propagate further before hitting the back plate, and
thereby disperse in the water to a greater extent. But as the great majority of events are produced directed at
the mantle, the number of photons having their path length greatly increased by increasing LN D is small. This
means that a longer detector would not reduce precision substantially, but would only increase the number of
events contained in the detector.
It is also found that the muons rarely propagate further than ∼ 2 m from the original vertex in the r direction
(perpendicular to the z axis, r =
p
x2 + y2), regardless of their energy (see Fig. 28 and 29). Therefore, the
detector is strictly required to have a diameter larger than 2 m, 2RN D > 2 m, in order to fully contain one event
width. A similar argument can be made in the forward direction, along the z axis. In this direction an event is
rarely longer than ∼ 3 m, so to fully contain one event length the detector is strictly required to be longer than
3 m, LN D > 3 m. For both the radius RN D and the length LN D , these restrictions are strict lower limits. The
radius and length are strongly recommended to be at least a factor of 3 – 4 larger than the lower limits, in order
to fully envelop a larger number of events.
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Figure 24: The range of the initial lepton.
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Figure 25: The radiation length of the initial lepton.
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Figure 27: The angle to the original trajectory that the initial lepton has after having propagated one
radiation length.
38
0200
400
600
800
1000
1200
Range, muons
 (mm)vertz
-1000 0 1000 2000 3000 4000 5000
 
(m
m)
ve
rt
r
0
500
1000
1500
2000
2500
3000
Figure 28: The z and r coordinates of muons with respect to the initial interaction vertex (zve r t and
rve r t respectively), after their kinetic energy has been reduced to Eki n = 0. The region where the initial
kinetic energy is too low for the muon to produce Cherenkov radiation has been excluded.
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Figure 29: The z and r coordinates of muons with respect to the initial interaction vertex (zve r t and
rve r t respectively), after their kinetic energy has been reduced to Eki n = 0. The results have been filtered
to only include muons with an initial kinetic energy closer to the BestCase kinetic energies than 5 MeV.
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6 The BestCase Reconstruction
One aim of this thesis is to design reconstruction algorithms for the BestCase events (presented below). In this
section, the properties of the BestCase events are reconstructed using the photons detected during the event. The
reconstruction of a fully general event sample was proven to be too time demanding to include in this project,
which is the reason for only performing the reconstruction on this idealised set of events (see Sec. 5.1).
Each error presented in this section is the standard deviation of the distribution in question over the 100 event
sample.
6.1 Reconstructing a Fully Realistic Event
This section describes the steps that need to be taken in order to fully reconstruct a neutrino interaction event in
a cylindrical water Cherenkov detector, and to what extent these steps have been taken in the simplified BestCase
scenario. The steps presented here are the ones used for the analysis of simulated events in MEMPHYS [29].
• Reconstruction of the event vertex coordinates. In this analysis, the vertex has been reconstructed fully
from the timing of the photon detections. However, for computational reasons the absolute time coordi-
nates of the photon detections were used (i.e. the time coordinate of the neutrino vertex was set to zero,
tve r t e x = 0). The algorithm created here will, therefore, not be applicable to a real event analysis. See
Sec. 6.2.
• Determination of the outgoing lepton direction. This was done through identification of the Cherenkov
ring. In the BestCase event sample the approximate direction of the lepton was known, and this was used
when determining the centre of the Cherenkov ring exactly. See Sec. 6.4.
• Identification of the lepton flavour. This has been done using the fuzziness of the Cherenkov ring edge.
Electrons produce Cherenkov rings with fuzzy edges, while muons produce rings with sharp and well
defined edges. The lepton flavour identification was carried out fully in this analysis. See Sec. 6.5.
• Reconstructing the charged lepton momentum. This is done by counting the number of detected photons.
The reconstruction of the charged lepton kinetic energy was fully done in this analysis. See Sec. 6.3.
• Determining if the event is a background event. The most prominent background would be the produc-
tion of pions in the initial neutrino interaction vertex. The rejection of background is not treated in this
analysis.
• Determining the energy of the initial neutrino. Assuming that the neutrino (of flavour l ) collides quasi-
elastically with one nucleon, N , at rest, through νl + N → l± + N ′, the neutrino energy, Eν , could be
determined from the outgoing lepton energy, El , momentum, pl , and angle with respect to the initial
neutrino direction, θ.
Eν =
mN El −m2l /2
mN − El + pl cosθ (21)
This can be used safely, as all neutrino trajectories are assumed to be parallel to the z axis when they enter
the detector (see Sec. 4.1.1). However, Eq. 21 is not correct if the collision is not quasi-elastic, e.g. if the
neutrino scatters on the nucleus as a whole instead of an individual nucleon. In any case, as the BestCase
event sample consists of leptons artificially placed in the centre of the detector tank with a given direction,
there is no purpose in attempting to reconstruct the initial neutrino energy. Therefore, this is not included
in this analysis.
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6.2 Finding the Event Vertex
6.2.1 The FindVertex Algorithm
The algorithm presented here, the FindVertex algorithm, was developed by the author in order to determine the
coordinates of the initial event vertex. For the BestCase events the vertex coordinates are always (0,0,0).
In order to find the most probable event vertex, FindVertex iteratively investigates a number of different pos-
sible event vertex positions. The first iteration examines the entire detector with a large segmentation. The
next iteration examines a number of positions in close proximity to the most probable vertex position of the
previous iteration with a finer segmentation to determine the most probable vertex location of that iteration.
This operation is repeated until a desired granularity is reached (10 mm in this case). The final most probable
vertex position is set as the vertex position.
To determine which position is the most probable, FindVertex uses the detection times of the photons. At
each tested position, it backtracks all detected photons and determines the time at which they would have been
emitted from that position. The FindVertex algorithm identifies the position which would have emitted the
largest number of photons during the first 2 ns of the event, and it is determined to be the most probable vertex
position. The number of photons emitted in the first 2 ns will hereafter be referred to as N2ns .
The approximation that all photons where emitted from a single point has been made here. This is not true, as
the lepton propagates a non-negligible distance along the z axis in 2 ns (ifβ= 1 the lepton propagates∼ 60 cm).
6.2.2 The 2 ns Limit
The estimated emission times of the detected photons, averaged over the event sample, are displayed in Fig. 30.
The te mi t was estimated from the detection time and spatial coordinates assuming that the photon was emitted
from the original vertex (0, 0, 0). Here, as in the FindVertex algorithm, it is assumed that all photons were
emitted from the initial vertex and not from a lepton track of non-zero length. This, in combination with the
fact that the lepton propagates faster than the speed of light in water, is why Fig. 30 contains photon entries with
te mi t < 0.
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Figure 30: The average estimated emission time for the detected photons in a 100 MeV muon and
electron event and a 500 MeV muon and electron event.
The largest part of the Cherenkov photons emitted in electron events have an estimated emission time within
the first 2 ns of the event for all energies (see Fig. 30). For muon events, however, the case is a bit different. The
2 ns interval with the largest amount of emitted photons is shifted to higher te mi t for the low energy muons,
and to lower te mi t for the high energy muons (see Fig. 30). The FindVertex, however, aims to be independent of
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the lepton energy, which is why the interval containing the first 2 ns of te mi t is still used.
This suggests that an improved vertex position could be found after the lepton energy has been determined,
which in turn would lead to improved results from the other reconstruction algorithms. This means that the
overall result of the reconstruction could be significantly improved through iteration.
Initially, an alternative method for choosing the most probable vertex position at each iteration was imple-
mented. Then, a 3D histogram was filled with N2ns . Next, a 3D Gaussian was fitted to this histogram and the
mean coordinate was used as the central value in the next iteration. This method was ruled out for being too
computationally expensive.
As the reader might have realised, the current implementation of FindVertex would never be employed for a
real detector, as the reconstruction depends of the absolute time of the event, i.e. that the time coordinate of
the interaction vertex is known. One way to adapt FindVertex to reality is to, for each possible vertex position,
find the 2 ns window where the most photons would have been emitted and use that number of photons as
the measure of probability. The simpler method employed here was used for computational reasons, but still
captures the essence of the problem.
6.2.3 The Determined Event Vertices
It is expected that the transverse coordinates (x and y) behave identically, while the longitudinal coordinate (z)
does not. This is because the z coordinate is along the initial lepton track, while the x and y coordinates span
the plane perpendicular to the initial lepton track.
Initial Eki n Flavour xr ec (mm) yr ec (mm) zr ec (mm)
100 MeV e− −4.4± 178 12.1± 135 −12.9± 140
e+ 7.2± 136 −0.7± 135 10.8± 53.2
200 MeV e− 6.1± 85.5 −0.1± 106 −37.8± 84.5
e+ 5.2± 90.9 −3.4± 79.1 −44.0± 68.1
300 MeV e− 0.9± 75.2 3.3± 68.4 −52.0± 48.2
e+ −3.9± 63.3 0.7± 70.9 −63.0± 57.9
400 MeV e− 1.3± 58.5 5.5± 58.0 −78.2± 53.6
e+ 12.5± 60.0 −5.4± 66.9 −77.6± 51.4
500 MeV e− −9.3± 143 −6.6± 115 −109.6± 173
e+ −1.7± 56.2 0.9± 56.3 −79.1± 53.2
100 MeV µ− 21.5± 282 37.8± 281 −25.0± 12.4
µ+ −62.6± 284 −30.8± 265 −19.9± 26.2
200 MeV µ− −15.6± 160 −14.1± 153 28.0± 24.2
µ+ 2.4± 169 −6.8± 155 25.2± 22.6
300 MeV µ− −16.7± 101 −26.3± 88.7 −46.6± 12.6
µ+ −7.2± 92.6 −7.4± 103 −43.6± 13.3
400 MeV µ− −8.0± 54.1 11.3± 55.1 −137.3± 17.8
µ+ −0.1± 56.0 0.4± 55.0 −136.8± 16.2
500 MeV µ− 2.5± 11.3 −0.9± 14.0 −206.6± 13.4
µ+ 0.0± 11.5 −1.6± 12.4 −207.8± 11.8
Table 8: This table displays the average reconstructed vertex position (xr ec , yr ec , zr ec ) for each combi-
nation of lepton flavour and initial kinetic energy. The true initial coordinates are (x, y, z) = (0,0,0).
The quoted values are the mean and standard deviation for the sample containing 100 events. The
standard deviation gives an estimate for the precision one can expect to obtain in a single event.
The reconstructed transverse coordinates are found to behave similarly (see Tab. 8), they are mainly centred
around (0,0, z) and have a large spread. The large spread could be attributed to the fact that the photons are
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Figure 32: The remaining kinetic energy Eki n,2ns of a lepton having propagated for 2 ns, as a function
of initial kinetic energy Eki n . Note that the 100 MeV muons have lost all of their kinetic energy in this
time, i.e. that they have come to a complete stop.
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emitted along an extended path in reality, and not from a single point as is assumed here. The charged leptons
propagate up to∼ 600 mm in the first 2 ns (see Fig. 31). For a flat probability density over the 600 mm, a standard
deviation σe x p (see Eq. 22) could be expected from the lepton propagation.
σe x p =
600 mmp
12
≈ 173 mm (22)
This means that errors of ∼ 170 mm are not unexpected, and that all but the lowest energy muons fall within
these limits. The high spread observed for low energy muons could be due to the small number of Cherenkov
photons they produce, yielding low statistics for each individual event.
Additionally, the spread of the reconstructed transverse coordinates is found to decrease as the initial kinetic
energy increases. This is expected, as a higher energy lepton produces a higher N2ns . Since electrons produce
EM showers the increase in accuracy is not as significant for them.
Additionally, for muons, the spread of the reconstructed z coordinate is significantly lower than the spreads of
the transverse coordinates. This could be attributed to the fact that the propagation direction is along the z axis.
For, mainly, the highest energy muons, a clear and consistent offset from the real vertex position (0,0,0) can be
found in the negative z direction. This is because the lepton propagates along the positive z axis with a speed
β> cnwat e r , and thereby pushing the estimated te mi t to negative values. It is found that all but the lowest energy
leptons propagate roughly the same distance in the first 2 ns (see Fig. 31). Therefore, the fact that the offset is
mainly seen for the highest energy muons cannot be attributed to a longer propagation distance. An alternative
motivation might be that the highest energy muons retain a significantly larger kinetic energy than the lower
energy muons do after the initial 2 ns (see Fig. 32), and thereby produce a lot more Cherenkov radiation after
the initial 2 ns and shifting the most probable vertex position even more.
6.2.4 Time Resolution
In order for FindVertex to perform as expected, the resolution in time needs to be good enough. At present, the
FindVertex algorithm yields an accuracy of∼ 30 cm which in water means an accuracy of∼ 1.3 ns for light. It is
desirable for the time resolution to be negligible in comparison with the accuracy of the algorithm, meaning that
the time resolution should be one or two orders of magnitude smaller than the accuracy. This yields a desired
time resolution of maximum 10 ps – 100 ps.
6.3 Energy Reconstruction
As was stated in Sec. 3.1.1, the number of produced Cherenkov photons, Nγ , depends on the initial kinetic
energy, Eki n . Therefore, the kinetic energy should be able to be deduced from the number of detected photons.
Nγ = nl × (Eki n − EC hT h ) (23)
Here, the number of photons emitted through Cherenkov radiation is found from the energy of the lepton (see
Eq. 23). The energy used is the difference between the lepton kinetic energy and the Cherenkov production
threshold, as no photons are produced at lower energies than EC hT h .
It was found that there is a direct proportionality between the number of detected photons and the energy
above the Cherenkov production threshold of the lepton (see Fig. 33 and 34), evident for all energies except for
the Eki n = 100 MeV muons.
The found non-proportionality could be an effect of the scintillation light also produced by the propagating
lepton, as that is produced for all lepton kinetic energies, including Eki n < EC hT h .
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Figure 33: The average number of photons, Nγ , produced for a given flavour and initial energy.
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In any case, proportionality is not a requirement to obtain Eki n from Nγ . A spline could simply be drawn from
Fig. 33 in order to find Eki n from a given Nγ . This, however, assumes that the flavour of the lepton is known, as
EC hT h,µ 6= EC hT h,e .
6.4 Finding the Circle
The algorithm InsideCircle was developed by the author in order to find the location of the produced Cherenkov
circle on the detector wall. It is important to find the location of the circle, as the flavour identification happens
by studying the fuzziness of the edge of the ring. The InsideCircle is a modification of the Circular Hough
Transform.
6.4.1 The Circular Hough Transform
The Circular Hough Transform, or CHT, is an algorithm developed to find the circles in an image [30]. To
achieve this, it starts by constructing a so called voting matrix with one bin for each of the (x, y) coordinates
in the image. These coordinates are all regarded as possible centres of circles with the radius RC H T , and the
probability for each (x, y) of being such a centre is investigated. For each position (x, y), all photons detected on
the wall are examined in turn. For each photon on a distance RC H T from (any part of the cell at) the coordinates
(x, y), i.e. for each photon on the edge of a circle of radius RC H T around (x, y), the bin (x, y) in the voting matrix
is incremented by one vote. When all positions (x, y) have been investigated the position with the most votes is
determined to be the most likely centre of the RC H T circle.
For a more general CHT, a variable radius can be used. This would, however, add a dimension to the voting
matrix corresponding to all of the possible radii.
The CHT could also be improved additionally by fitting a 2D Gaussian to the voting matrix and using the mean
coordinates as the most probable circle centre.
6.4.2 The InsideCircle Algorithm
The author attempted to make use of the CHT for the identification of the Cherenkov circles, and it was found
to be inadequate. The rings it detected were by visual inspection determined to be far off the actual Cherenkov
rings in the images. Therefore a different solution was needed — the InsideCircle CHT was developed.
The InsideCircle algorithm is based on the same principle as the CHT. However, instead of checking if a detected
photon is on the edge of a circle of a given radius it checks if the detected photon lies inside of a circle of a given
radius. The radius used here was set to be RI C = 1.1×RC h , where RC h is the radius of the Cherenkov ring on
the detector wall (given by Eki n and the vertex position, see Eq. 18). The factor 1.1 was inserted as the original
Cherenkov cone photons disperse a bit before reaching the detector wall.
The InsideCircle is better than the CHT for this particular analysis for two main reasons. The first reason is that
the initial produced Cherenkov ring is extended in r , i.e. photon dispersion and the lepton forward propagation
have yielded the initial circle a “thick edge”, so to speak. To adapt the CHT to this (i.e. to develop a ThickEdge
CHT) would only require the voting to be extended to any photon detection at rd e t where 0.9×RC h ≤ rd e t ≤
1.1×RC h . This, however, is not adequate for the second reason.
The second reason why the CHT, or the ThickEdge CHT, is not adequate for the BestCase events is that the circles
detected on the detector wall display an inner structure that is not necessarily concentric around the centre of
the initial Cherenkov circle. This inner structure is the result of Cherenkov photons being produced by the
lepton after having lost a portion of its kinetic energy, and would result in an asymmetric contribution to the
reconstructed centre. The InsideCircle algorithm is insensitive to any inner structures in the circle, as it gains
votes for any photon detections at rd e t where rd e t ≤ 1.1×RC h .
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In order to use the InsideCircle algorithm, the original vertex position, the initial kinetic energy and the lepton
flavour are required to be known. Additionally, the assumption that the Cherenkov cone produces a close to
perfect circle on the wall is made. This means that the lepton momentum is required to be perpendicular to the
wall. However, this requirement is relaxed to some extent by the introduction of the factor 1.1 in the radius
limit.
For this analysis, the pixel size of the InsideCircle voting matrix was set to 200 mm× 200 mm.
6.4.3 The Detected Cherenkov Rings
Visual inspection yields that the InsideCircle performs very well (see Fig. 35). The 400 MeV µ− event is an
especially good example of the insensitivity to inner ring structures that the InsideCircle has.
There are, of course, events where InsideCircle performs less well. Visual inspection of these events suggest that
it is due to secondary rings that fall outside of the initial Cherenkov rings. These rings are produced at later
times in the event and could be caused by e.g. hard scatterings of the leptons or a muon decaying to an electron.
A possible solution to this issue would be to only include photons estimated to be emitted at the very beginning
of the event, e.g. within the first 2 ns.
In addition to this, the InsideCircle could itself be improved in several ways. Firstly, since the fuzziness at the
edge of a muon Cherenkov ring is much lower than that of an electron ring, there is a large motivation to use
different values for the factor between RC h and RI C for the two flavours. This factor is currently set to 1.1 for
both flavours. Secondly, a weight could be introduced to the votes in order to account for the fact that the edge
where the electron Cherenkov ring ends is not sharp. For example, detections at rd e t ≤ RC h could be yielded a
weight of 1, detections at rd e t > 1.1×RC h yielded a vote of 0 and detections at RC h < rd e t ≤ 1.1×RC h yielded
a vote continuously decreasing from 1 to 0.
6.4.4 Extension to a Realistic ND Simulation
It is straightforward to extend the InsideCircle algorithm to work for a fully general event sample. The voting
matrix should here be converted into the surface of a sphere centred around the (reconstructed) event vertex,
where the voting cells have the coordinates (θ,φ). All photon detections would then be projected onto the inner
surface of the sphere, after which the InsideCircle would be employed on the inner surface as well.
6.5 Identifying the Lepton Flavour
6.5.1 The TripleCheck Algorithm
The TripleCheck algorithm was developed by the author to identify the lepton flavour, and derives its name from
the fact that it uses three different parameters to determine if an event resembles a muon or an electron event the
most. The TripleCheck starts by using InsideCircle to fit both a muon ring and an electron ring to the detected
Cherenkov ring of a given event. A ‘muon ring’ and an ‘electron ring’ here refer to rings with the radii RC h,µ
and RC h,e , respectively, deduced from the initial kinetic energies of the leptons. Next the TripleCheck uses three
different parameters to determine how well each flavour of ring fits to the event. For each of these parameters
and each of the fitted rings, votes are given for how much the event resembles a typical muon event (µ-votes) and
how much it resembles a typical electron event (e -votes). After having finished the checks, TripleCheck counts
the yielded µ-votes and e -votes to determine if an event is more likely to have been produced by a muon or an
electron.
RatioInOut The first parameter that is investigated for both the fitted electron ring and the fitted muon ring is
the ratio between the number of photons detected inside RI C ,l = 1.1 ∗RC h,l and the number of photons
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Figure 35: Six events fitted with the InsideCircle algorithm. The red and the dark red circles have the
radii RC h and 1.1× RC h , respectively, and are both centred around the most likely vertex position
determined by InsideCircle.
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detected between RI C ,l and R = 7500 mm. See Fig. 36 for a muon and an electron event fitted with both
RI C ,e and RI C ,µ. The outer edge of 7500 mm was used since that is well outside of any fuzziness possibly
produced by the Cherenkov rings; 1.5× RC h,max ≈ 7500 mm, where RC h,max is the maximum possible
produced Cherenkov ring radius. This means that there is very little chance that any Cherenkov photons
were missed.
µ-rings A µ-ring fitted to a muon event is expected to have the majority of Cherenkov photons within
the boundaries of the RI C ,µ ring (see Fig. 36, left side). This yields a high ratio between the number
of photons detected inside RI C ,l = 1.1 ∗ RC h,l and the number of photons detected between RI C ,l
and R = 7500 mm. A µ-ring fitted to an electron event, however, is expected to have most of the
Cherenkov photons outside of the boundaries of the RI C ,µ ring (see Fig. 36, right side). This would
yield a significantly lower ratio.
e -rings An e -ring fitted to an electron event is expected to have most, but not all, Cherenkov photons
within the boundaries of the RI C ,µ ring (see Fig. 36, right side). This is due to the fuzziness of the
electron ring. An e -ring fitted to a muon event will, however, find very close to all detected photons
within the boundaries of the RI C ,µ ring. This means that a muon event fitted with an e -ring will
display a significantly higher ratio than an electron event fitted with en e -ring.
This parameter is most effective at low energies, as they have the largest difference between RC h,µ and
RC h,e .
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Figure 36: A 200 MeV muon event and a 200 MeV electron event, both fitted with both RI C ,e and
RI C ,µ. The magenta circle corresponds to the RI C ,µ ring and the turquoise circle corresponds to the
RI C ,e ring.
DensityIn The second parameter that is investigated for both the fitted electron ring and the fitted muon ring
is the density of photon detections within the circle RI C ,l , i.e. the number of detections per dm
2 (this area
is used as the detector pixels are set to be 100 mm× 100 mm).
µ-rings A µ-ring fitted to a muon event is expected to have the majority of Cherenkov photons within
the boundaries of the RI C ,µ ring, yielding a high density of detections (see Fig. 36, left side). A
µ-ring fitted to an electron event, however, is expected to sit in the middle of the Cherenkov ring,
as the most probable Cherenkov circle centre (according to InsideCircle) is the mean of the voting
matrix. Therefore, a µ-ring fitted to an electron event is expected to show a significantly lower
density within RI C ,l than a µ-ring fitted to a muon event, where the ring is expected to encapsulate
the entire Cherenkov ring.
e -rings An e -ring fitted to a muon event is expected to encapsulate the entire Cherenkov ring, i.e. all
emitted Cherenkov photons. An e -ring fitted to an electron event, however, cannot contain all
Cherenkov photons, as an electron event Cherenkov ring has fuzzy edges. Therefore the density
will be lower for an electron event fitted with an e -ring than for a muon event.
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As in RatioInOut, DensityIn produces the most accurate results for low energies as they yield a clearer
difference between RC h,µ and RC h,e . Higher energies, however, where the radii are more similar, also
work well as the electron Cherenkov ring fuzziness pushes some Cherenkov photons out of RI C ,l
SlopeOut This parameter makes use of a histogram with the number of photon detections over the radial coor-
dinate r , centred on the fitted centre of the Cherenkov ring (see Fig. 37 for examples). In this histogram,
in the bins between 1.1× RC h,l and 1.5× RC h,l (see the dark red and dark blue intervals of Fig. 37), the
SlopeOut parameter measures the average difference between adjacent bins, i.e. the average slope of that
region. This is expected to be a good measure for differentiating the flavours, especially at higher energies,
as muon events present a much sharper drop to background at ∼ RI C ,µ than electrons do.
Low E , µ-rings See the dark red interval of the left figure in Fig. 37 for this item. For low kinetic energies,
aµ-ring fitted to a muon event will display a very small average slope in the bins between 1.1×RC h,µ
and 1.5× RC h,µ. A µ-ring fitted to an electron event, however, will display a much larger average
slope within this interval, as the measured interval includes the initial Cherenkov ring of the electron
event.
Low E , e -rings See the dark blue interval of the left figure in Fig. 37 for this item. An e -ring fitted to a
muon event is expected to present a very small average slope as the region being measured always
will be outside of any muon emitted Cherenkov photons. An e -ring fitted to an electron event,
however, is expected to present a comparatively significant slope due to the fuzziness of the electron
Cherenkov ring.
High E , both rings See the two intervals of the right figure in Fig. 37 for this item. For high kinetic
energies, the µ-ring and e -ring have similar radii. This is not a problem, as an electron event displays
a much larger slope within this region than a muon event does.
See Fig. 37 for the radial coordinate of the photon detections of a 100 MeV muon event and a 100 MeV
electron event along with a 500 MeV muon event and a 500 MeV electron event. Note how the muon
event histograms are much flatter for r > RI C than the electron event histograms.
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Figure 37: The radial coordinate of the photon detections of one 100 MeV muon and electron event and
one 500 MeV muon and electron event. The dark red intervals correspond to the interval 1.1×RC h,µ ≤
r ≤ 1.5×RC h,µ and the dark blue intervals correspond to the interval 1.1×RC h,e ≤ r ≤ 1.5×RC h,e .
Now, each event was treated in turn. For each of the six measurables (combinations of parameter and fitted
flavour ring) µ-votes and e -votes were awarded to the event depending on how much it, according to the mea-
surable in question, resembled a typical muon event and a typical electron event, respectively. The votes from
each measurable were weighted to account for a possible overlap of typical muon and electron events in that
particular measurable. For each event the total number of votes was tallied.
Lastly, cuts were applied to the tallied votes to determine which events were muon events and which were elec-
tron events. The first cut was made in the number ofµ-votes, aµ, as muon events might look like electron events,
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but electron events could never look like muon events. This cut was set from visual inspection of Fig. 38, to
mark each event aµ ≤ 4 as a muon event. The second cut was set to the angle θvot e = arctan

ae
aµ

from visual
inspection of Fig. 39. This cut was set such that any event with θvot e < 0.3pi was marked as a muon event. The
remaining events were marked as electron events.
The reader should note that the TripleCheck algorithm only yields the lepton generation and provides no infor-
mation about the lepton charge, i.e. TripleCheck yields if the lepton is a muon or an electron but not whether
the lepton is a particle or antiparticle.
6.5.2 The Identified Leptons
The TripleCheck algorithm yielded a misidentification rate of 0.3%. The misidentified events were all muon
events that had been identified as electron events, and were mainly found among lower energies (see App. B.1
for misidentification examples).
Visual inspection of the misidentified events yielded that the cause of the misidentification was an excess of
photon detections outside of the fitted rings. The InsideCircle circles that were fitted to the data had been fitted
well, and the excess seen can mostly be identified as additional Cherenkov rings produced later in the trajectory.
However, for these rings to have been produced at such an angle that they were detected partially outside of the
original Cherenkov ring, the lepton trajectory must have changed radically. The most probable causes of this
change are a hard scatter or a muon decay. A solution to this issue would be to introduce a cut on the estimated
emission time of the detected photons, including only the photons emitted in the beginning of the event (e.g. in
the first 2 ns).
The misidentification rate of muons as electrons is very close to the real rate of electron events in comparison
with muon events in the detector, 0.34% (see Tab. 5). Therefore, extra care needs to be taken in order to improve
the identification algorithm.
The most important modification, however, is connected to the fact that the templates for what typical muon
and electron events look like were created from the the same event sample that was analysed. This, of course,
yields a bias towards a correct identification of the events, and should be avoided. After having used one sample
for the creation of the algorithm a different sample should be used for the analysis. There was, however, no time
to include this in the project.
6.6 A Note on Reconstruction Dependencies
The above presented reconstruction algorithms seem to be able to reconstruct the BestCase events to a high
degree. Several modifications have, however, been brought up above that must be applied before the algorithms
can be used for the reconstruction of a fully general event sample. One important modification has not been
treated, however.
As the reader may have realised, the lepton flavour is assumed to be known for both the energy reconstruction
and for finding the Cherenkov ring with InsideCircle, while the kinetic energy of the track and the coordinates of
the ring are assumed to be known in order for TripleCheck to work properly. To solve this issue, a combination
of the three algorithms must be developed, which would use Nγ and the photon detection coordinates as input.
The combined algorithm (the combination of TripleCheck, InsideCircle and the energy reconstruction) would
then yield the most probable combination of the flavour of the event, the lepton energy and the Cherenkov
ring centre. The only additional required input is the reconstructed vertex position, which fortunately does not
require any information but the photon detection coordinates.
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6.7 Detector Resolution
A brief study of four possible detector resolutions was also performed on the BestCase event sample. The study
included two muon and two electron events, each with initial kinetic energies 100 MeV and 500 MeV. The
detector pixel sizes included were 100 mm× 100 mm, 200 mm× 200 mm, 500 mm× 500 mm and 1000 mm×
1000 mm.
It was found that the two flavours could be visually identified to some degree for all but the lowest resolution
(see App. B.2). This does not, however, indicate that a pixel size of 500 mm× 500 mm is small enough, as the
BestCase events were placed in the detector centre (5 m from the detector wall). Had the vertex been located
somewhere else, e.g. closer to the detector wall, the resolution would have other limits.
A crude estimate of these limits can be found by linear extrapolation. Linear extrapolation suggests the following
relation between the maximum pixel width, wpi xe l , and the distance between the event vertex and the detector
wall,∆l .
wpi xe l ≤ 0.1×∆l (24)
If all of the Cherenkov light was emitted from the same point (the event vertex), linear extrapolation would be a
fully valid method to use here. As the leptons propagate forward while emitting Cherenkov radiation, however,
linear extrapolation yields no more than a crude estimate on the detector pixel limits.
Another factor to consider when determining the appropriate pixel size is the Cherenkov ring reconstruction.
With a lower resolution comes a lower accuracy in the determined most likely ring position. This in turn affects
other reconstruction algorithms, e.g. the TripleCheck algorithm. The TripleCheck algorithm relies heavily on the
result of InsideCircle. A study of the effects of the resolution on the performance of InsideCircle has not been
carried through, however.
Since the detector considered here will not be significantly bigger than∼ 10 m, it is not unreasonable to demand
being able to identify events that occur as close as 1 m from the detector wall. This yields, from the crude
approximation, a limit on the pixel width of wpi xe l ≤ 10 cm.
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7 The Near Detector Design
There are six main parameters to be addressed when determining the design of the ESSνSB near detector.
• The radius of the near detector, RN D .
• The length of the near detector, LN D .
• The position of the near detector, zN D .
• The spatial resolution of the near detector.
• The temporal resolution of the near detector.
As was found in Sec. 4.1, the radius RN D of the near detector was restricted to be RN D ≤ 1 m at zN D = 50 m.
This restriction could be extrapolated to an upper limit for RN D at all zN D , RN D ≤ zN D50 (Eq. 20).
Additionally, in Sec. 5.3 it was shown that a muon rarely propagates further than ∼ 2 m in the r direction.
In order to fully contain at least one event with, the diameter of the detector is required to be larger than the
maximum event width; 2RN D > 2 m at all zN D . Increasing this strict lower limit by a factor of 3 – 4 is strongly
recommended, as this would yield a substantially larger statistical sample.
The length of the detector, LN D , is subject to the same type of limit as RN D is. In Sec. 5.3 it was shown that an
event is rarely longer than∼ 3 m in the z direction. In order to fully contain at least one event length, the length
of the detector is required to be larger than the maximum event length; LN D > 3 m at all zN D . Increasing this
strict lower limit by a factor of 3 – 4 is strongly recommended, as this would yield a substantially larger statistical
sample.
As the reader might have realised, no upper limit has been set on LN D by the physics performance of the detector.
This leaves LN D to be limited by other factors, such as engineering, infrastructure and financial issues.
The near detector site, zN D , is also subject to limitations, but indirectly through the limits on RN D . At all
zN D the radius is limited to RN D ≤ zN D50 as the neutrino beam must have a homogeneous spatial distribution
over the entire detector cross sectional area. At all zN D the radius is also limited to 2RN D > 2 m in order to
envelope several event widths; a limit that is strongly recommended to be increased by a factor of 3 – 4. Setting
2RN D > 8 m, these limits are compatible from approximately zN D ≥ 200 m, i.e. the near detector must be placed
about 200 m or further from the target station.
An additional factor to consider regarding RN D , LN D and zN D is the neutrino beam event rate. The flux is
proportional to the detector volume, i.e. to LN D and to R
2
N D . The flux is also proportional to z
−2
N D . Therefore,
by varying RN D , LN D and zN D the exact event rate desired can be obtained. It was found in Sec. 4.2 that the
separation between two subsequent events is comparable to the time width of one single event for a near detector
with RN D = 5 m, LN D = 10 m and at zN D = 500 m. This event rate might be higher than optimal, as the risk of
having two coinciding events is significant.
The spatial resolution of the detector was studied briefly in Sec. 6.7. The upper limit on the ND pixel width
was related to the minimum allowed distance between the event vertex and the detector wall (see Eq. 24). From
this, it was determined that the near detector is required to have a spatial pixel width of no more than 10 cm,
yielding the possibility to resolve events occurring at a distance of ∆l ≥ 1 m from the wall. From Sec. 3.2 it is
clear that both an LAPPD and a PMT can satisfy this requirement (with spatial resolutions of 5 mm and 28 mm,
respectively).
The temporal resolution of the detector was, in Sec. 6.2.4, found to have an upper limit on the order of 10 ps
– 100 ps. In Sec. 3.2 an LAPPD is given to have a temporal resolution of 64 ps, meaning that is fast enough
to use for the the photo-detections in the ESSνSB ND. It is also given that a PMT at minimum has a temporal
resolution of 170 ps, meaning that it is on the verge of being too slow to use here.
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It is, however, noteworthy that an LAPPD is rectangular, while a PMT is circular. This means that a detector
using photo-multiplier tubes for the photon detection could never have a full coverage, and would therefore
always lose some photons. It is trivial to alter Nγ to compensate for the incomplete coverage, using the ratio
between the total inner detector tank area and the covered area. The lost detection coordinates cannot be com-
pensated for, however, yielding a larger uncertainty in the reconstruction. This effect would be most prominent
for events with a small Nγ , i.e. low energy events.
8 Outlook
The reconstruction algorithms presented in Sec. 6 can serve as a basis for further optimisation of the vertex
reconstruction. These algorithms are, however, adapted to the BestCase events. Therefore, any new reconstruc-
tion algorithms must be able to treat a fully general event sample, where the charged leptons have continuous
energy and angular distributions and unknown vertex locations. Additionally, all of the algorithms presented
in Sec. 6 assume that the neutrino interaction products are fully enveloped by the near detector volume. As this
will not always the case in reality, any new algorithms must also be able to treat not fully contained events. For
this simulation it would be advantageous to include the possible scintillator shell enveloping the ND tank.
In addition to this, a project following this one should treat the full final state of the neutrino vertex, as a sig-
nificant fraction of the events produce e.g. charged or neutral pions. This project could also include other back-
ground sources, such as atmospheric muons and neutrinos, and the decay of a CC produced muon. Additionally,
the signature of two overlapping beam neutrino events could be treated.
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A The BestCase Events
A.1 Example Events
Four different ways of visualising a typical 500 MeV µ event and a typical 500 MeV e event are displayed in
Fig. 40. The figure contains the following panels.
1. The first panel for each flavour contains the detected Cherenkov ring.
2. The second panel contains a recreation of the propagation path of the lepton. Here, the different flavours
are colour coded in the following way.
• Red→Muon.
• Magenta→ Antimuon.
• Blue→ Electron.
• Turquoise→ Positron.
The ruler is 2 m with marks every 10 cm.
3. The third panel displays the number of photon detections as a function of r , the coordinate originating
in the centre of the Cherenkov ring and increasing radially.
4. The fourth panel contains the estimated time that each photon would have been emitted from the event
vertex (set to (0,0,0)). Here the approximation is made that all Cherenkov photons were emitted from
the vertex point.
Notice how, in both the t and r histograms, the number of counts decreases sharply after the main peak for the
muon event while the electron event presents a softer slope.
A.2 Three e± Events
The Cherenkov ring and recreated path of three different 500 MeV e± events are displayed in Fig. 41. The path
panels are colour coded as in App. A.1. These event examples are included to illustrate how the shape of the EM
shower can affect the shape and fuzziness of the detected Cherenkov ring.
• Event A displays an electron event where the EM shower is short and intense, yielding a smeared out
and unclear Cherenkov ring. Note the difference in the maximum number of detected photons per bin
between this event and the other electron events.
• Event B displays an electron event where the initial lepton propagates further than average before a signif-
icant EM shower develops, yielding a fairly well defined ring with clear edges.
• Event C displays a positron event where the EM shower is clearly tilted upwards, yielding a ring pattern
with clear fading rings upwards.
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Figure 40: Four different characteristics of a typical 500 MeV muon event and a typical 500 MeV electron event.
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Figure 41: Three example events of 500 MeV electron events, each exemplifying the effects of a different
kind of EM shower.
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B The BestCase Reconstruction
B.1 Identifying the Lepton Flavour
Four muon events that were misidentified by TripleCheck as electron events are displayed in Fig. 42. From visual
inspection it is clear that the fit performed with InsideCircle was successful for all of them, but that they all
present significant photon detections outside of the identified Cherenkov ring.
x (mm)
-6000 -4000 -2000 0 2000 4000 6000
y 
(m
m)
-6000
-4000
-2000
0
2000
4000
6000
-1
0
1
2
3
4
5
6
7
8
, 100 MeV+µ
x (mm)
-6000 -4000 -2000 0 2000 4000 6000
y 
(m
m)
-6000
-4000
-2000
0
2000
4000
6000
0
5
10
15
20
, 200 MeV+µ
x (mm)
-6000 -4000 -2000 0 2000 4000 6000
y 
(m
m)
-6000
-4000
-2000
0
2000
4000
6000
0
2
4
6
8
10
12
14
16
18
, 200 MeV+µ
x (mm)
-6000 -4000 -2000 0 2000 4000 6000
y 
(m
m)
-6000
-4000
-2000
0
2000
4000
6000
0
5
10
15
20
25
30
35
40
, 400 MeV-µ
Figure 42: Four events misidentified by TripleCheck.
B.2 Detector Resolution
Four events are displayed in Fig. 43, 44, 45 and 46 with increasingly lower resolution. The events are displayed
both as the detected Cherenkov ring and as a histogram of detected photons radially from the centre of the
Cherenkov ring.
The events include two muon and two electron events, each with initial kinetic energies 100 MeV and 500 MeV.
The resolutions covered are detector pixel sizes of 100 mm× 100 mm, 200 mm× 200 mm, 500 mm× 500 mm
and 1000 mm× 1000 mm.
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Figure 43: A low energy and a high energy event for a muon and an electron. Detected with detector
pixel size 100 mm× 100 mm.
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Figure 44: A low energy and a high energy event for a muon and an electron. Detected with detector
pixel size 200 mm× 200 mm.
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Figure 45: A low energy and a high energy event for a muon and an electron. Detected with detector
pixel size 500 mm× 500 mm.
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Figure 46: A low energy and a high energy event for a muon and an electron. Detected with detector
pixel size 1000 mm× 1000 mm.
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